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SUMMARY 
The objective of the study was to examine factors that influence 
the strength of butt welds and gain an understanding of the 
process of failure. The study was divided into several sectors. 
The first and primary part of the programme was to determine the 
extent to which the pipe system's long-term strength under both 
internal fluctuating and constant pressure is reduced by the 
presence of axially misaligned butt welds. The second objective 
was to examine fracture initiation sites and crack propagation 
paths of the failed aligned and misaligned butt welded samples 
in relation to the melt flow zone and the weld bead in order to 
establish the cause of failure. Finally the project considered 
the influence of selected welding parameters on the fatigue 
performance of aligned butt fusion welds and an investigation 
into the influence of elevated temperature (79°C) testing 
technique on the basic material's properties. 
Fatigue and stress-rupture lifetimes were found to decrease 
significantly with increasing axial misalignment at the butt 
fusion weld in 63,90 and 125mm MDPE pipe systems at 79°C in a 
water environment. In the butt fusion weld having axial 
misalignment of 20 per cent of the wall thickness and above, the 
reduction in the fatigue and stress-rupture lifetime was greater 
than 50 per cent compared to the aligned weld. It was not clear 
whether there is a pipe size effect or not; there was no marked 
change in the fatigue performance of misaligned butt welds for 
the three pipe diameters examined. However, the fatigue 
performance of the aligned butt welds in 90 and 125mm was 
noticeably better compared to 63mm pipe systems. The stress 
rupture performance of misaligned butt welds in 90 and 125mm 
MDPE pipes was more than halved compared to those in 63mm pipe 
systems. 
Both the fatigue and stress rupture performance of misaligned 
butt welds could be explained in terms of amplified axial stress 
(vii) 
and in general, the Ory expression for evaluating the increase 
in axial stress due to misalignment appears to be valid. 
The temperature dependence of the fatigue performance of aligned 
and misaligned butt fusion welds in 63 and 90mm MDPE pipe 
systems suggests that if continuous internal fluctuating 
pressure under the conditions examined is maintained, then the 
butt fusion welds with axial misalignment of below 10 per cent 
of the wall thickness may well meet the design lifetime of 50 
years at the service termperature. Under stress-rupture 
conditions, all the misaligned butt welds considered in the 
three pipe diameters surpassed the minimum specified requirement 
of 170 hours at 79°C. The fatigue was the most aggresive 
condition of the two for minor misalignment. 
Examination of the circumferential butt weld failures revealed 
that the crack invariably initiated from the notch located at 
the inner weld bead and no preferred crack propagation path was 
taken in relation to the melt flow zone. It was proved that the 
notch was responsible for the observed circumferential failure 
of aligned butt welds in 63mm MDPE pipes by testing these butt 
fusion welds where the internal weld bead was machined off. The 
failure site for the internal weld bead machined off sample was 
in the pipe remote from the weld inferring that the material in 
the melt flow zone does not constitute any weakness. 
The effect of elevated temperature (79°C) testing in"63mm HDPE 
pipe was found to increase the density (and crystallinity) 
signifying a slow annealing process in the material. However, 
the changes in these parameters were not of sufficient scale to 
strongly influence the performance. The main effect of elevated 
temperature testing in water environment appears to be the 
extraction of stabiliser from the base polymer as was indicated 
by the rapid decrease in oxidation induction time with the 
ageing times. 
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amplified axial stress. 
Fig. 4.9(c) Logarithm amplified axial stress versus logarithm number of cycles 
to failure for 125mm SDR11 Rigidex 002-50 MDPE using equation 2.21 to evaluate 
amplified axial stress. 
Fig. 4.10 Best-fit line for 63,90 and 125mm fatigue data, amplified axial 
stress computation based on equation 2.21. 
Fig. 4.11 Logarithm amplified axial stress versus logarithm time to failure for 
63mm SDR11 Rigidex 002-60 HDPE and Rigidex 002-50 MDPB pipe systems. 
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Fig. 4.12(a) Logarithm amplified axial stress versus logarithm time to failure 
for 63mm SDR11 Rigidex 002-50 MDPE pipe systems. 
ML = Pipe manufacture's line (After Ref. 3). 
Fig. 4.12(b) Logarithm amplified axial stress versus logarithm time to failure 
for 90mm SDR11 Rigidex 002-50 MDPE pipe systems. 
ML = Pipe manufacture's line (After Ref. 3). 
Fig. 4.12(c) Logarithm amplified axial stress versus logarithm time to failure 
for 125mm SDR11 Rigidex 002-50 MDPB pipe systems. 
ML = Pipe manufacture's line (After Ref. 3). 
Fig. 4.13 Definition of tr. tiso"ý". 
Fig. 4.14 Comparison of fatigue and stress-rupture data in terms of t, t* and 
tsR for 63mm SDR11 Rigidex 002-60 HDPE pipe systems. 
Fig. 4,15 Comparison of fatigue and stress-rupture data in terms of t, tt and 
tsR for SDR11 Rigidex 002-60 HDPE pipe systems in (a) 63, (b) 90 and (c) 125mm 
pipe systems. 
Big. 4.16 Comparison of observed tr and predicted tr for (a) 63, (b) 90 and (c) 
125mm SDR11 Rigidex 002-50 pipe systems. 
Fig. 5.1 Low magnification optical photomicrograph of the etched surface of (a) 
nominally aligned and (b) nominally 44% misaligned butt weld in 63mm SDR11 
Rigidex 002-50 MDPE pipe. 
Fig. 5.2 Schematic of three different types of crack propagation path by which 
aligned and misaligned butt welds failed in the circumferential plane; 
(a) Type I, (b) Type II and (c) Type III. 
Fig. 5.3 Low magnification optical photomicrographs of the etched surface of 
(a) nominally aligned and (b) nominally 9% and (c) 18% misaligned butt weld 
failures in 63mm SDR11 Rigidex 002-60 HDPE pipes. 
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Fig. 5.4 Low magnification optical photomicrographs of the etched surface of 
(a) nominally aligned and (b) nominally 9%, (c) 18% and (d) 44% misaligned butt 
weld failures in 63mm SDR11 Rigidex 002-50 MDPE pipes. 
Fig. 5.5 Low magnification optical photomicrographs of the etched surface of 
(a) nominally aligned and (b) nominally 9%, (c) 18% and (d) 44%misaligned butt 
weld failures in 90mm SDR11 Rigidex 002-50 MDPE pipes. 
Fig. 5.6 Low magnification optical photomicrographs of the etched surface of 
(a) nominally 18% and (b) 44% misaligned butt weld failure in 63mm SDR11 and, 
(c) 18% misaligned butt weld failures in 90mm SDR11 Rigidex 002-50 MDPE pipes 
under stress rupture condition. 
Fig. 5.7 Low magnification optical photomicrograph of the etched surface of a 
nominally aligned butt weld failure in 63mm SDR11 DuPont Blue Aldyl 322A. 
Fig. 5.8 Photomicrograph showing the pipe failure remote from the internal weld 
removed region. 
Fig. 5.9 Scanning Electron micrographs of the inner weld bead region showing 
the notches present in nominally aligned and nominally 44% misaligned butt welds 
in (a) 63, (b) 90 and (c) 125 mm SDR11 Rigidex 002-50 MDPE pipe. 
Fig. 5.10 Low magnification photomicrographs of the fracture surfaces of 
aligned butt weld failures in (a) 63 and (b) 90 mm pipe systems. 
Fig. 5.11 Low magnification photomicrographs of misaligned butt weld fracture 
surfaces of (a) 9% and (b) 44% tested at oP=9.5 bar; (c) 9% and (d) 44% tested 
at eP=6.5 bar in 63mm SDR11 IMDPB pipe systems. 
Fig. 5.12 Low magnification photomicrographs of misaligned butt weld fracture 
surfaces of (a) 9% and (b) 44% tested at OP=9.5 bar; (c) 9% and (d) 44% tested 
at AP=6.5 bar in 125mm SDR11 XDPE pipe systems. 
Fig. 5.13 Low magnification photomicrographs of misaligned butt weld fracture 
surfaces of (a) nominally aligned and (b) 44% misaligned butt weld in 63mm SDR11 
MDPE pipe systems tested under stress-rupture conditions. 
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Fig. 5.14 Low magnification photomicrographs of misaligned butt weld fracture 
surfaces of (a) nominally 9% and (b) 44% misaligned butt welds in 125mm SDR11 
MDPE pipe systems tested under stress-rupture conditions. 
Fig. 5.15 Low magnification optical photomicrographs of axial cracks in the 
aligned butt welds in (a) and (b) 63; (c) and (d) 90mm SDR11 MDPE pipe. 
Fig. 5.16 Fracture surfaces of axial butt weld failures in (a) and (b) 63; 
(c) and (d) in 90mm SDR11 MDPE pipe. 
Fig. 5.17 Fracture surfaces of pipe failures (a) and (b) in 63mm and (c) and 
(d) in 90mm SDR11 pipes tested at AP=9.5 bar. 
Fig. 5.18 Fracture surfaces of pipe failures (a) and (b) in 63mm and (c) and 
(d) in 90mm SDR11 pipes tested under stress-rupture conditions at 9.5 bar. 
Fig. 5.19 SEX micrographs of fracture surface of 9% misaligned butt weld tested 
at AP=9.5 bar; (a) low magnification and high magnification region of 
(b) initiation site, (c) intermediate distance and (d) on approach to the final 
stages of rupture. 
Fig. 5.20 SEX micrographs of fracture surface of 44% misaligned butt weld 
tested at AP=9.5 bar; (a) low magnification and high magnification region 
of (b) initiation site, (c) intermediate distance and (d) on approach to the 
final stages of rupture. 
Fig. 5.21 SEX micrographs of fracture surface of 9% misaligned butt weld tested 
at AP=6.5 bar; (a) low magnification and high magnification region 
of (b) initiation site, (c) intermediate distance and (d) on approach to the 
final stages of rupture. 
Fig. 5.22 SEM micrographs of fracture surface of aligned butt weld tested under 
constant pressure of 9.5 bar; (a) low magnification and high magnification 
region of (b) initiation site and (c) on approach to the final stages of 
rupture. 
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Fig. 5.23 SEX micrographs of fracture surface of 44% misaligned butt weld 
tested under constant pressure of 9.5 bar; (a) low magnification and high 
magnification region of (b) initiation site. 
Fig. 5.24 SEX micrographs of fracture surface of axial butt weld failure; 
(a) and (b) low and high magnification micrographs respectively of initiation 
site, (c) and (d) low and high magnification micrographs respectively of MFZ at 
mid-wall and (e) and (f) low and high magnification micrographs respectively of 
the final stages to rupture. 
Fig. 5.25 SEN micrographs of fracture surface of pipe failure tested at oP=9.5 
bar; (a) low magnification and high magnification region of (b) initiation site 
and (c) intermediate distance from the bore to mid-wall. 
Fig. 5.26 SEX micrographs of fracture surface of pipe failure tested at a 
constant pressure of9.5 bar. 
Fig. 5.27 SEX micrographs showing initiating particles in (a) and (b) 63mm; 
(c) and (d) 90mm pipe failures. 
Fig. 5.28 Creep rupture cracks in pressure butt welds with heated tool; 
(a) cracks on the welding surface, (b) crack starting from notch and (c) crack 
in the base material. 
Fig. 6.1 DSC thermograms of surface specimen taken from the butt weld (MFZ) and 
15-20mm away from it of the control butt welded MDPE pipe samples aged for 000, 
200 and 8000 hours. 
Fig. 6.2 DSC thermograms of surface specimen taken from the butt weld (MFZ) and 
15-20mm away from it of the pressure tested butt welds in I)IDPE pipe sample for 
200 and 8000 hours. 
Fig. 6.3 Decrease in Oxidation Induction Time of both the control and pressure 
tested samples taken from butt welds in MDPE pipe with the ageing/pressure 
testing time. 
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Fig. 6.4 Infrared spectrum obtained for the bore skin of MFZ taken (a) from the 
untested butt welded MDPB pipe sample and (b) from pressure tested butt welded 
MDPB pipe sample to greater than 8000 hours. 
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CHAPTER 1- INTRODUCTION 
High density polyethylene. HDPE, pressure pipe systems have been 
available since the mid 1950's and over the last decade the 
usage has increased dramatically. In Europe, between 1973 and 
1984 the consumption (1,2) of medium density polyethylene, MDPE 
and HDPE for pipe applications rose from about 30,000 to 132,000 
tonnes, an increase of 340 per cent. Both MDPE and HDPE pipe 
systems find application in the gas, water and chemical process 
industries. The main advantages which these pipe systems offer 
include; the economical benefits of installation, easier 
handling, flexiblity, outstanding chemical resistance and 
availablity of good jointing methods. 
In all the three industrial applications an important 
engineering aspect of the pipe is its long-term behaviour under 
constant internal pressure. The relationship between the hoop 
stress and lifetime is one of the essential pieces of 
information required by the designer. In water and gas service 
distribution, the pipe system is usually designed for the 
minimum lifetime of 50 years at 201C, the design stresses for 
which are primarily selected on the basis of the results of 
long-term hydrostatic tests. The grades of material installed 
today differ from those used in the early systems; therefore 
there is a need to evaluate the long-term performance of new 
grades. 
Typical stress/creep-rupture curves for MDPE pipes (3) are shown 
in figure 1.0. Such curves are generated by determining time to 
failure of pipes at different levels of constant pipe hoop 
" :b 
strgra an4, at a: sran gy of , 
temperatures in order to accelerate 
failure and predict their lpng-term performance. In the case of 
MDPE} When a. Opt of logarithm hoop stress against logarithm 
14 ne to failure is made; -- two 'distinctive regions are apparent 
with! an intermediate -''knee" area J, n between. At high stresses 
and short times the failure occurs by a local, large scale 
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Fig. 1.0 Pipe stress-rupture performance of Rigidex PC 002-50 NDPE 
(After Ref. 3) 
deformation which is clearly visible; this failure mode is 
referred to as ductile failure. However at lower stresses and 
longer times the failure occurs by a slit mechanism in which no 
visible large scale deformation is apparent; this mode of 
failure is referred to as brittle. In the knee region both the 
ductile and brittle modes of failure are observed. 
There are various methods (4-9) for predicting the lifetime of 
MDPE/HDPE pipe based on emprical relationships between the hoop 
stress and time to failure which have been applied successfully 
over the past 20 years. The commmon feature of these methods is 
that the predicted design stress for 50 years lifetime is based 
on an extrapolation of the experimental data. For example in 
the North American Method described in ASTM D2837 (5), the 
design stress is evaluated from an extrapolation of the linear 
region representing the ductile mode of failure whereas the 
European Graphical Method (4) evaluates the design stress on the 
extrapolation through the point at which the knee occurs. A 
safety factor of 1.3 or 2 is normally incorporated in the design 
stress as at good practice. Typically some of the grades of 
MDPE/HDPE pipe are characterised by a design stress of 5MNm-2. 
Recently, the fracture mechanics concept has been utilised in 
predicting the lifetime of MDPE/HDPE pipe (24-26) and 
statistical approaches to predicting the lifetime"ofýpipes have 
also been examined (32-33). However none of these methods have 
been applied for the prediction of joints and fittings as 
extensively as the prediction of pipe failure. 
The integrity of pressure pipeline systems depends not only on 
the extruded pipe but also on the components in the -system. 
namely joints (butt fusion welds, socket fusion and 
electrofusion in the- case' of MDPE/HDPE pipe 'systems) and 
fittings (90111 bend, 9Q° equal tees, etc). The difference, in 
stress-rupture perforpAnce of the extruded pipe ''and- the 
components in the pipe system are recognised and accepted by the 
plastic pipe industry and major users of these systems. 
Demanding users of MDPE/HDPE pipe systems take account of these 
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differences in stress-rupture lifetime by mainly increasing the 
safety factor when indentifying the operating conditions. 
Clearly then, there is a need to assess the long-term 
performance of joints in order to determine the design stress 
which is not under or grossly over-estimated unneccessarly. In 
the case of butt fusion welds, various studies into the stress- 
rupture performance of properly made butt fusion welds 
(49,56,83,84,87,88) and butt fusion welds made under limited 
(72,73) and a wide range (61) of welding conditions have found 
the strength of a butt fusion weld can equal or exceed the 
minimum specified stress-rupture time for unwelded pipe. 
In the field, deviation from the optimum welding conditions may 
occur due to prevailing weather conditions and in addition there 
is also a potential danger of butt fusion welds having 
misalignment, that is, creating a step at the weld which can 
result from any one or combination of; pipe wall thickness and 
outside diameter being at extremes of tolerance range, ovality, 
damaged pipe ends and carelessness. Geometrical defects such as 
the misalignment of the butt welds have been acknowledged 
(38,47-51,88,106) and its consequence on down rating the 
performance has been recognised. However, no systematic studies 
into this important problem, which may well result in field 
failures, has been undertaken. This is one of the main aspects 
of the project - the evaluation of misaligned butt fusion 
welds in the new grade of MDPE. 
In a water distribution system,. the water pressure will normally 
be varying. Such variation will occur as a result of 
consumption as well as through the manipulation of pumps and 
valves (104,105). Pressure surges caused by the latter effect 
can lead to fatigue of the material. Therefore it would be 
pertinent to test pipe systems under fluctuating pressure rather 
than constant pressure.. A good number of- research programmes 
have been devoted tp the study of the fatigue behaviour of uPVC 
pipe grade material (97-99), . uPVC pipe (100-103) and fittings 
(93-96) but the same is not true of MDPE/HDPE pipe systems. Of 
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those limited fatigue studies carried out on MDPE/HDPE pipe 
system (107-109), butt welds (107-109), and fittings (107-109) 
have been identified as a source of weakness. 
The prediction of the service performance of thermoplastics 
pipeline systems is required in order to install systems with 
confidence. To assess performance by room temperature short 
term testing will not provide the necessary information for such 
prediction. However, the method of elevated temperature 
testing, which involves pressure testing of pipes at a range of 
temperatures (80,60 and 40°C) and extrapolating the data to 
service conditions offers a means of assessing the long-term 
performance of pipe systems. This method has been used 
successfully over the last twenty years and has assisted in 
developing the better- grades. -of MDPE/HDPE pipes. Pressure 
testing of pipes at 80°C provides guidelines to the relative 
long-term lifetime of the different grades of polyethylenes. 
The work presented in the thesis forms a part of the major on- 
going programme at Brunel University aimed at evaluating, the 
long-term performance of MDPE/HDPE pipe systems, which includes 
identifying the performance of fittings, joints, materials and 
processing variables under flucatuating and constant internal 
pressure at 80°C in a water environment. The: primary objective 
of the current project is to provide basic design information 
relating to the strength of butt fusion welds that will enable 
confident use of these MDPE pipe systems. 
The butt fusion weld is one of the typical jointing techniques 
used with MDPE/HDPE pipes and the only-", technique available, for 
jointing large diameter pipes. One of the problems, associated 
with the use of the butt fusion welding techniques is that it 
may introduce misalignment in the joint which wo. 
1id result in 
premature failure in service. To what extent the systems 
performance is reduced by the presence of axially misaligned 
butt welds is of concern. To elucidate this problem the 
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relationship between the axial misalignment of the butt weld and 
lifetime is examined with thoroughness under fatigue and stress- 
rupture conditions at 80101C in a water environment for three 
different diameters of MDPE pipes in order to provide guidelines 
for specification. The stress levels chosen for the study are 
those inducing brittle mode of failure. 
The cause of butt weld failure in the circumferential plane is 
not clear; it has been reported due to poor welding conditions 
(61,73), thermal degradation (52-54) and due to the notch at the 
weld bead (49,56). Therefore the second objective of the 
project was to examine fracture initiation sites and crack 
propagation paths of the failed aligned and misaligned butt 
welded samples in relation to the melt flow zone and weld bead 
in order to establish the cause of failure and also to carry out 
a fractography study. 
Finally the project considers the influence of selected welding 
parameters on the fatigue performance of aligned butt welds and 
an investigation into the influence of elevated temperature 
testing techinque on the basic materials properties and its 
fatigue performance. 
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CHAPTER 2- LITERATURE REVIEW 
2.1.0 materials 
Types of Polyethylene There are three types of polyethylene 
available depending on the density and the method of production. 
Type one is the low density polyethylene, LDPE (910-925 kgm-3) 
produced by the high pressure process, Type 2 is the medium 
density polyethylene, MDPE (926-940 kgm 3) and Type 3 is the 
high density polyethylene, HDPE (941-965 kgm-3). MDPE and HDPE 
are produced by the low pressure process utlising either metal 
oxide catalysts (the Philips process) or the aluminium alkyl or 
similar material (the Ziegler process) (110). With respect to 
pipe application, LDPE is normally used for low pressure pipe 
system and is not of concern here. MDPE and HDPE are usually 
used for the higher pressure pipe systems (up to 12 bar gauge) 
and are of importance with regards to the current project. 
For any material in general there is triangular inter- 
ralationship between structure, processing and properties as 
shown below: 
Properties 
Structure Processing 
Polyethylene is no exception to this rule. In the following 
section a brief review of how the molecular structure, micro- 
structure and processing influences the properties in general. 
but in particular the effect an mechanical properties is 
considered. 
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2.1.1 Structure of Polyethylene 
(i) Molecular structure Polyethylene is essentially a long 
chain aliphatic hydrocarbon of the type: 
-CHF-CH2-CH. m-CH2- 
In general the difference in properties of various types of 
polyethylene arises in the main due to the following (110) 
(a) variation in the degree of short chain and long chain 
branching in the polymer. 
(b) variation in the average molecular weight. 
(c) variation in the molecular weight distribution. 
(ii) Chain Branching The presence of branching interferes with 
the ease of crystallisation; thus, the long chain branching 
produced in polymers made by the high pressure processes have the 
lowest density (since close packing due to crystallisation is 
reduced) whereas the polymer produced from.. Phillips or Ziegler 
process have a controlled amount of short chain branching (the 
molecules are able to pack relatively closely) and therefore 
higher density. In the Phillips process (110), comonomers such 
as propylene and but-l-ene are used to produce a controlled 
degree of short chain branching and some retar,,. dation in the 
growth of large crystal structure. Polyethylene produced in this 
way has better creep, environmental stress cracking and thermal 
cracking resistance than the corresponding homopolymer., Degree 
of crystallinty and the density of a particular grade of 
polyethylene have an important bearing on the properties of the 
polymer as discussed in section 3.1.2., 
-? - 
(iii> Molecular Weight and Molecular Weight Distribution The 
molecular weight of a polymer has a very important bearing on 
its mechanical behaviour, morphology, kinetics of 
crystallisation and thermodynamic properties (111). The 
molecular weight distribution is just as important as molecular 
weight since the distribution of chain lengths will also effect 
the polymer morphology, processing and properties. 
There are various measures of average molecular weight; two of 
the most commonly used to characterise polyethylene and other 
polymers are the number average molecular weight, Mn and the 
weight average molecular weight, Mw. They are defined as: 
Mn = ENIMi 
E Ni 
and 
Mw =i? 
E Ni Mi 
(2.1) 
(2.2) 
where Ni is number of molecules of species i of molecular mass 
Mi. 
The general effect of molecular weight on some of the mechanical 
properties and thermal properties of polyethylene is clearly 
shown in the table 2.1 (110). Molecular weight differnces 
, affect properties that involve large deformation such as ultimate 
tensile strength, elongation at break, melt viscosity and low 
temperature brittle point (110). Resistance to environmental 
stress cracking increases with increasing molecular weight. 
Brown and Ward (112) have found brittle fracture stress of 
linear polyethylene increases with increasing molecular weight 
and relate the improvement due to increases in the tie moelecule 
concentration; that is the higher the molecular weight the 
greater the number of points of attraction and entanglement 
between molecules. Muller and Gaube (113) and Gebler (114) have 
shown that an increase in molecular weight improves the stress- 
rupture 
. ý, 
performance of, pipe as seen by the shift in he knee to 
the right in the plot of logarithm hoop stress against ogarithm 
'j 
.s time to failure 
(see figure 2.2(a)). 
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De Charentenary et- al (192) examined the fatigue crack 
propagation, FCP behaviour of several HDPEs whose Mw varied in 
the range 45,000-200,000 and found FCP to be retarded for higher 
Mw grade of HDPE. 
Polyethylenes also vary in their molecular weight distribution. 
The ratio of weight average molecular weight -to, number average 
molecular weight (Mw/Mn) provides a useful parameter to describe 
the dispersivity of molecular weight, It is_ generally 
considered, that with other structural factors constant a 
decrease in Mw/Mn tends to an increase in impact strength, 
tensile strength, toughness, softening point and resistance to 
environment stress cracking. There is also -a pronounced 
influence on melt flow properties, the narrower distribution 
materials being less sensitive to shear rate but more liable to 
sharkskin effect (110). 
(iv) Microstructure: Spherutitfes It has been well establised 
that the single crystal of polyethylene, large-enough to be 
resolved in the light microscope can be grown in 0.01'% xylene 
solution, crystallised at 70-80°C, Such a single crystal 
consists of thin plates or lamellae but crystallisation from 
the melt does not normally yield individual crystals on 
this scale. Under these less favourable growth- conditions the 
region of crystallographic regularity form-radially symmetric 
polycrystalline arrays called spherulites which show a 
characteristic Maltese cross pattern in cross-polarised 
light (111,126). They form by nucleation at different 
points in the sample and grow as spherical entities. The growth 
of the spherulites stops when impingement- of adjacent 
spherulites occurs. Spherulites vary in size from less than one 
micrometer to a millimeter in diameter depending on nucleation 
rate and crystallisation temperature. In commercial pdes, of 
polyethylene various additives are present and- the rate of 
cooling is rapid, -and these two factors, lead to, a hig rate of k7 
nucleation and there may not be characteristic,,,, 
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spherulitic structure but some, other fine morphological 
features. 
Spherulites consists of numerous crystals radiating from a 
central nucleus. The typical extinction patterns seen in 
polarised light are due to the orientation of - the crystals, 
within the spherulites . (126). Analysis of the 
Maltese cross 
pattern has- indicated that the- molecules are normally aligned 
tangentially in spherulites. It has been shown that the b 
crystal axis is radial in polyethylene spherulites and the a and 
c crystallographic direction are tangential. 
Degree of Crystallinity Melt-crystallised polyethylene can 
never be completely crystalline., This is because there are an 
enormous number of chain entanglements in the melt and it is 
impossible for the amount of organisation requried to form a 
100% crystalline polymer to take place during crystallisation. 
The degree of crystallinity, Xý is of great technological and 
practical importance and it is related to the specimen density, 
p and the density of the crystalline p. and amorphous, p. 
components by the following relationship (126) 
Xý = p< (p - p_) (2.3) 
p (pes - pes) 
p is determined using-density gradient column, 
p. is calculated from the knowledge of the crystal structure, 
p. is measured directly if the polymer is obtained by rapid 
cooling or extrapolating technique. 
The degree of crystallinity in a given grade of polyethylene has 
a profound effect upon its mechanical behaviour. Figure 2.1 
(data of Wong reported by Young (126) ) shows how the'lYoung's 
modulus of a linear polyethylene increases as the crystallinity 
is increased through the use of different heat treatments. 
Brown and Ward (112) noted that the fracture stressof. jinear 
polyethylene increased with increasing cooling rate. 
N, 
whilst 
Yet 
Muller and Gaube-(91) have shown that stress-rupture graph of 
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Fig. 2.1 Dependence of the modulus of polyethylene upon crystallinity (After Ref. 126) 
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Fig. 2.2 Dependence of the stress-rupture performance of polyethylene pipe 
(a) with varying average molecular weight M<X206) and 
(b) with varying density (LDPE, MDPE, and HDPE) (After Ref. 91) 
polyethylene shifts upwards with increasing density or differing 
degree of crystallinity (figure 2.2(b)) that is the stress- 
rupture performance improves with increasing density; 
LDPE>MDPE>HDPE. Crystallinity changes due to ageing of HDPE 
pipes at room temperature (133) and due to testing of pipes at 
elevated temperature has also been determined (13,135). 
2.1.2 Effect of Processing on Polyethylene Pipes 
(i) General Pipes are manufactured by an extrusion process. 
In principle the extrusion process consists of metering polymer, 
usually in the granular form, into a heated barrel in which a 
screw is rotating. The rotation of the screw causes the 
granules to move up the barrel where they are forced under 
pressure through the breaker plate and into an annular die. The 
resulting extruded pipe is calibrated by means of water cooled 
sizing die or vacuum sizing (115). To monitor and control the 
dimensions of the finished product various ultrasonic devices 
are used (116). 
The nature of pipe extrusion is such that it can introduce at 
range of defects such as gas bubbles, foreign particles and 
spiderlines which reduces the stress-rupture performance of pipe 
depending on the size of the defect. Extrusion, combined with 
the cooling phase, also introduces changes in structure and 
residual stress through the pipe wall due to differential 
cooling rate (117) and as a result can affect the mechanical 
properties. In addition the extrusion process tends to orient 
molecular chains in a non-random fashion (118) thus imparting a 
degree of anisotropy. 
(ii) Density Density profiles through the pipe wall thickness 
have been determined (114,117) and it is, observed that the 
external surface has a lower density compared to the bore 
region. This is because the external surface has cooled rapidly 
and hence is expected to have relatively greater amorphous 
content compared to the bore region. For example Gebler (114) 
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found that with 190mm HDPE pipe the external surface layer had a 
density of 952kgm-3 whereas the bore layer had a density of 959 
kg=-3. 
(iii) Residual Stress Residual stresses resulting from the 
temperature gradient which exists while the extrudate pipe 
solidifies have been measured (119-123). As mentioned above, 
the outer wall of the pipe solidifies first, on the inside the 
material is still in a molten state. As cooling progresses, the 
material on the inside of the pipe attempts to contract, but is 
prevented from doing so by the material in the outer wall that 
has already solidified. The result is that compressive stresses 
build up in the outer wall due to constrained elongation (123). 
The outside machining layer removal method using bending 
measurement appears to be the common . method for measuring 
residual stresses in the pipes. Typical values for 63mm MDPE 
pipe in the hoop direction are -3MNm-2 on outside and 1.5MNm-' 
on the inside (119,122). However, the profile of residual 
stress through the pipe wall will depend on the thermal history, 
pipe diameter and wall thickness. Reinke and Potente (125) have 
reported compressive residual stresses on the outside and at the 
mid-wall in 110mm (6.3mm thick) HDPE pipe of magnitude 12Nmm--- 
and 0.25Nmm-2 respectively, while a tensile residual stress of 
magnitude 5Nmm- exists near the bore (see figure 2.3). 
Excessive residual stresses in the pipe due to poor processing 
superimposed by external stress during transport or handling of 
pipes can lead to surface cracks and making pipes unusable. The 
changes in the residual stresses due to the testing of pipes at 
elevated temperature (80°C) has also been measured (135) where 
it was noted that residual stresses relaxed. More recently 
Bhatnagar and Broutman (193) investigated the effect of 
annealing on residual stresses in polyethylene pipes, and showed 
that annealing time and temperature altered the residual stress 
distribution in pipes and these stresses can be completely 
removed by annealing at temperature between 100°C and 120°C for 
a time of approximately one hour. 
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Fig. 2.3 Axial stress/strain distribution as a function of wall thickness (After Ref. 125) 
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(iv) Thermal Oxidation Although Marshall et al (122) found no 
correlation between a range of processing conditions and stress- 
rupture lifetime of 63mm MDPE and HDPE pipes, it is possible 
that for the larger outside diameter pipes 0180mm) this may not 
be the case. Since the rate of extrusion is slow for larger 
outside diameter pipes there is a greater probability of thermal 
oxidation of the material at the inner wall surface of pipe due 
to prolonged exposure to an oxygen contaning atmosphere at high 
temperature. Muller and Gaube (113) state that it has been 
proved that processing under unfavourable conditions can lead to 
considerable oxidation damage on the internal surface of an HDPE 
pipe which results in a shorter effective lifespan. This is 
true even in the case where the damage layer on the inside of 
the pipe is only very thin (100 micrometers). Gedde et al (127- 
130) report the thickness of the oxidised layer in larger 
outside diameter HDPE pipes (200-1000mm) to be typically about 
0.1-0.2 mm and they go onto mention that the strength of an 
oxidised pipe is in most cases significantly lower than the 
strength of a non-oxidised pipe. 
2.1.3 Itechanical and Other Properties of Polyethylene 
Both the short term and the long term mechanical properties of 
polyethylene are very dependent on the molecular weight and 
degree of branching of the polymer as was indicated in section 
2.1.1. As with other polymers the short-term properties are 
also dependent on the rate of testing, the temperature of test, 
the method of specimen preparation, the size and shape of the 
specimen and the conditioning of samples before testing. Table 
2.1 (after Brydson(110)) clearly shows the general effect of 
molecular weight and density on some of the short term 
mechanical and thermal properties of polyethylene, but it should 
be remembered that under different test conditions different 
results may be obtained. In general, increasing the density or 
testing rate or decreasing temperature causes an increase in 
modulus and less ductile behaviour. 
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MDPE and HDPE pressure pipe system find application in the water 
and gas distribution and in the chemical industrial, because of 
the following properties it possesses: - 
- economics of installed cost 
- light weight (easy to transport) 
- does not crack or shatter on impact 
- high elongation at 0°C 
- low friction losses 
- outstanding resistance to chemical and soil 
- does not impart toxic ingredients to water and most foodstuff 
- maximum operating temperature 40-60°C 
- jointing method available (insert fitting, heat fusion and 
variety of mechanical joints) 
The specific properties of the main grade of MDPE used in this 
project are given in table 3.2 as supplied by the raw material 
manufacture. 
2.1.4 Additives 
Although polyethylene can be, and indeed often is used without 
additives a number may be blended into the polymer for various 
reasons (110). The additives normally present in the 
polyethylene pipe material are considered'here. 
(1) Stabilsers In general, stabilserp are used to reduce the 
adverse effects due to heat, sunlight and ozone. Antioxidants 
such as 4 aminophenol N-sterate, 4,4'-thiodi-(6-terbutyl-m- 
cresol) and 1,1,3-tri-(5-terbutyl-4-hydroxy-2- 
methylphenyl) butane (see BS3284) of the order of 0.3% by mass 
are added to provide protection against degradation during 
processing. Ideally, the antioxidant used should not show any 
tendency to bloom, bleed and discolour. 
11 
(ii) Carbon Black The weathering properties of polyethylene 
are improved by the incorparation of carbon blacks. 
Maximum 
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protection is observed using blacks with average particle size 
0.010-0.025pm and a content of 2.5 t 0.5% by mass. 
(iii) Colouring Material Pipe material in the U. K. are colour 
coded, for the pressure pipe application using the following 
code: Yellow for Gas, Blue for potable water, Black for 
sewers/chemical. The principal requirements of pigments used 
are that these should have a high covering power-cost ratio and 
that it should withstand processing and service conditions. 
Special care is taken in the selection of pigments to ensure 
that pigment does not catalyse oxidation as inorganic pigments 
based on cobalt, cadium and manganese are known to produce this 
effect (110). 
2.2.0 Butt Fusion Velds in IIDPB/$DPB Pipes 
Introduction A brief mention of the technique used in general 
for joining pipes is mentioned first in order to place butt 
fusion welding into its proper perspective. Next, the butt 
welding procedure is scrutinised; this is followed by a review 
of the theroetical nature of the fusion process which is largely 
the work of Potente. The studies into the microstructure of 
butt fusion welds are reviewed and more imortantly determination 
of weld quality / strength is examined extensively. The cause 
of misaligned butt welds is explained and its consequences on 
the long-term strength considered. Finally the nature in which 
butt welds fail is also considered. 
2.2.1 Jointing Of Plastics Pipes 
In general, there are four principal methods of jointing 
plastics pipes to one another and to fittings: 
U) heat fusion technique (used principally for . polyethylene 
and polypropylene), 
(ii) solvent cement jointing (used for uPVC 
(iii) elastomeric seal (used for uPVC) and 
(iv) mechanical (can be used in any plastic pipes). 
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The selection of jointing method is dependent upon many 
factors, such as: - 
- materials to be joined 
cost 
jointing 
jointing 
jointing 
jointing 
appearan. 
time 
performance 
condition 
equipment 
-e of j öint "- 
For polyethylene pipeline systems the most. common technique 
used for jointing is heat fusion. Qualitative description of 
the heat fusion method are available in a number of books (35- 
38) and standards (39,40). The basic principle of the heat 
fusion technique is to form sufficient melt to flow and intermix 
across the joint so as to produce a joint comparable in strength 
with that of the parent components. Within the heat fusion 
technique there are mainly two types of J ointing method; socket 
fusion and butt fusion. A third technique of jointing 
polyethylene pipe, which is gaining acceptence is electrofusion 
welding. used for pipes outside diameters up to 180mm. 
Socket Fusion This method is used to extend straight pipelines 
or introduce special purpose fittings (e. g. bends, tees) for 
pipes outside diameters up to 125mm. In principle a hot shaped 
tool is used to heat the inside bore of the fitting and outside 
surface of the pipe. The heating tool is then removed and the 
pipe introduced into the fitting and held in position until the 
joint has cooled. 
The long term performance of-the socket fusion-joint is, usually 
inferior to that of the butt fusion joint . "and- failure no 
orally 
r 
initiates from the notch at the internal fusion- beadý? y+hich' 
constitutes a stress concentration and leads'. to stress cra, gk ng 
under bending and pressure load. 
ý"ý 
I 
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2.2.2 Butt Fusion Welding 
The butt fusion welding procedure is the most popular technique 
and the only technique of jointing large outside diameter 
0180mm) polyethylene pipe as the welds usually have a similar 
strength to the original pipe and its performance is better than 
socket fusion. 
In butt fusion welding the pipes are aligned and secured in a 
robust machine and after the pipe ends have been faced parallel 
to one another the welding procedure is as follows; 
(i) A polytetrafluroethylene coated heater plate which is 
thermostatically maintained at a given temperature, Tr, (usually 
205±5°C for MDPE), is inserted between the pipe ends which are 
then brought up against the plate for a certain time, tn. An 
initial welding pressure, P" is used to melt any asperties so 
that subsequently heating occurs equally around the faces. This 
is called the Heating Up period, to,. 
(ii) The pressure is then reduced to zero to prevent melt from 
being extruded out between the plate and the unmelted part of 
the pipe. The pipe ends are left touching the heater plate for 
a certain time. This is called the Heat Soak Time, ttim. 
(iii) After a sufficient amount of melt has been formed, the 
pipes are withdrawn from the plate which is then quickly 
removed. The period between the withdrawal and the butting of 
the pipe is called the Removal Time, tr. 
(iv) The pipes are then butted, tf and held under pressure, Pf 
for a certain time, tc until the weld has cooled. 
The complete list of variables which are needed. to describe,. butt 
welding comprehensively are; Tti, tti, PI,, tt,., t,, Pr. tr. and 
t, 
-. 
The procedure is shown schematically in figure 2.4. 
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Fig. 2.4 Schematic pressure and temperature profile as a function of time 
during the butt fusion welding process. 
The most critical aspects of the method are the melt temperature 
and sufficient melt formation (41-46,61,62) which depends 
primarily on heater plate temperature and heat soak time 
respectively, welding pressure (41-47,61,62) to a certain 
extent, degreasing of the pipe ends and the alignment of pipe 
(47-51). Weakness in the butt fusion weld may arise due to any 
one or any combination of following: - 
U) Incomplete adhesion giving rise to cold fusion may arise 
because of insufficent heating or welding temperature being too 
low (due to chilling) or heating time being too short or 
insufficient pressure (41-47,61,62). 
(ii) Thermal degradation may result because of excessive 
heating or too high a heater plate temperature (52-54). 
(iii) Void formation may result due to entrapment of air or 
evolved degradation product or due to contraction on cooling 
(52-54). 
<iv) Narrow or thin welds due to too high a welding pressure 
<41-46,61,62). 
(v) Geometrical defects due to misalingnment / mis-match of the 
pipe wall, that is a misaligned butt weld (47-51). 
2.2.3 Theory of Butt Fusion Velding 
Potente (63) after considering the theoretical mechanism of the 
diffusion theory (64) and viscoelastic contact theory (65-70) to 
explain the adhesion of polymer, mathematically describes the 
welding process in terms of flow speed of the melt. Assuming 
that the butt weld strength, or depends on three parameters; 
diffusion ((ro), relaxation process (On), and a flow speed (Of 1> 
that is; 
Or = 0' 0+ o' Fx + 'r ri (2.4) 
- 18 - 
then, further making the assumption that flow speed has the 
dominant effect on the butt weld strength, so as a first 
approximation 
(r 12 a. 1 = v. 1. (2.5) 
the weld strength now is solely dependent on the flow speed, 
i. e. one only needs to optimise the flow speed, vtx in order to 
obtain high weld strength since all the welding parameters are 
contained in the flow speed. 
By considering the welding process to involve two distinct time 
phases, the Heating phase and Joining phase, the flow speed was 
derived. It was shown that the Heating phase can be represented 
by: 
T Ts = erfc L (2.6) 
Tr. - T. 2ra; 
where Ts, = ambient temperature 
Tr, = surface temperature of the heater plate 
T*z = flow temperature (melt temperature ) 
La = thickness of melted zone 
tE = total heating time 
a= thermal diffusivity 
Then let A= Tva - T. 
T" - Ty 
(2.7) 
and let B= L- (2.8) 
2. at. - 
.: Lo = 2B atE 
For the joining process considering the speed- field (70) as 
shown in figure 2.5(b), the average speed to be =a fuction of 
heat history i. e. melted zone and welding pressure Pf - 
V. 2 =8P. Le 
zt ML t 
(2.9) 
- 19 - 
Yý"Q (a' 
- 
mi 
TH 
TG 
TK TO 
entre 
K 
joining area 
Fig. 2.5(a) Melt layer thickness Lo after the heating process. 
(b) Sketch showing principle of speed areas. (After Ref 63) 
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Fig. 2.6 Stress-rupture performance dependence on flow speed for 
polypropylene at different welding conditions. (After Ref. 63) 
where Vm2 as defined in figure 2.5(b) 
nm = apparent viscosity averaged over the cross-section 
t= wall thickness 
on subsituting for L. the flow speed is 
Vm2 = 32 a B2PftF (2.10) 
7C nm t 
Note that in the equation 
_2.10 
all the welding parameters are 
combined. 
To prove the equation 2.5 is valid a plot of stress rupture 
lifetime against the average flow speed for polypropylene butt 
welds was made as shown in figure 2.6 and a linear dependence was 
found as predicted by the equation. -Potente goes onto state 
that a minimum flow speed can be defined which when exceeded, 
does no longer improve the weld strength, i. e. the optimum of 
the weld strength lies above this flow speed. It is also 
expected at the limiting flow speed, failure will no longer 
occur in the weld but begins in the basic material or emanates 
from especially stress concentration, the shearing zone between 
the melt and solid material or the notch between the bead and 
the basic material. 
Brinken (71), like Potente reviews the diffusion theory (64) and 
viscoelastic contanct theory (65-70) and in addition considers 
two other theories; adhesion theory (76) and flow process theory 
(63). Assuming the validity of all these theories, Brinken 
established a set of criteria for the compatibility of various 
polyethylene types. Brinken declares that for the butt fusion 
technique it is necessary that the MFI of pipes=to be jointed do 
not differ too much from each other and in theory material with 
greater difference in MFI value could be jointed'-"by` using 
different heating up times. 
Whilst Malguarnera and'Earles-(45) seem to favour the diffusion 
theory; °they -believe the strength of the " joint is--directly due 
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to diffusion of molecular segments from . one, pipe end" to the 
other. This in turn is strongly effected ,, by theý"temperature -and 
time of the joining - operation, Regions of insufficient fusions 
"cold Joint" are a consequence of insufficient temperature and 
time during joining or too much-. pressure which consequently 
leaves only cool material to form-the weld. 
2.2.4 Microstructure of Butt Fusion Velds 
The microstructure study of butt fusion welds has been carried 
out by a number of research investigators (41-47,57-60). Menges 
and Zohren (59) using the transmitted light and reflected light 
microscopy techniques characterised the microstructural features 
and identified five zones in a polyethylene butt weld. Bukin 
(57) also carried out optical-examinations of sections from the 
weld in 32mm pipe in transmitted and reflected light and in 
addition investigated the fine structure by taking carbon 
replicas from the fractured surface of the specimen cooled in 
liquid nitrogen. Unlike any of the research workers who studied 
microstructure of butt welds in MDPE/HDPE pipe, Bukin (57) 
reports small spherulitic structural formation in the welding 
plane. The microstructures of the different zones in welds was 
found to differ greatly; it also differed from the 
microstructures of the surface away from the weld. The width of 
the welded zone was stated ý to be- -100 - }gym n-and An the heat 
affected zone, HAZ (1.5-2mm from the weld) a quite well defined 
spherulitic structure was observed-and it was suggested that 
heterogenity in structure near the weld may-affect the strength 
of the welded joint. 
Barber and Atkinson- (41,42) and DeCourcy"and Atkinson (43,44) 
observed the microstructural features in-. the-microtomed section 
of polyethylene butt welds- using the-.. combined techniques of 
transmission optical microscopy and chromic acid etching, of"butt 
welded section and also examined the etched'surface in SEX. --The 
microstructures were- explained on the,, basis , of 
temperature 
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gradients measured in the region of the welds and the flow of 
molten material during welding. The etched surface of the butt 
weld exhibited five different zones, a similar observation to 
Menges and Zohren-, (59). These five zones were identified 
because of the differential attack by the chromic acid within 
the small fused region. The differential attack was explained 
by Barber and Atkinson (41-42) in terms of amorphous or low 
molecular weight fraction being attacked first leaving the 
crystalline material behind or because of a crystalline 
structure which is suspectible to chromic acid. They suggested 
that there are columnar crystals in zone 3 and long-term 
weakness may result because of the columnar structure separating 
at their boundaries. However, the later work of DeCourcy and 
Atkinson (43,44) suggests that zone 3 represents an area of 
molecular orientation in the welds and it is this fact which 
determines the extent of the etching in chromic acid rather then 
any differences in crystal structure. The latest view according 
to DeCourcy and Atkinson <44> is that a butt fusion weld with 
its inevitable molecular orientation would be more susceptible 
to cracking due to external loading or environment effects than 
the rest of the pipe. 
Barton (60,61) and Cherry (61) applied the same techniques as 
Barber and Atkinson to study morphological features of butt 
welds in HDPE pipe. They also considered alternative etching 
methods and found etching in toluene vapour for 15 seconds to 
support the observation made under Vhe chromic acid etch. In 
their opinion the degree of attack by the etchant depends on the 
angle the flow lines make with the boundary. The degree of flow 
or deformation of the melt was detected in . 
the microtomed 
section of the weld taken between crossed polarisers. Barton 
and Cherry (61) believe that the contrast between the weld and 
the HAZ is due to the differences in orientation of the 
material. However neither Atkinson et al (41-44) nor Barton and 
Cherry (60,61) carried out an X-ray examination of the melt flow 
zone to confirm that there is preferred crystalline orientation 
in the, MFZ (that is in thefused area). 
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In order to demonstrate the effects of welding conditions upon 
the melt flow zone, Bucknall et al (46) undertook an elegant 
experiment involving butt welding of compression moulded 
specimens fabricated from alternate sheets of black and white 
pigmented polypropylene. They discovered that at a low 
displacement, the amount of flow was small, trapped air remained 
in the weld and the weld bead was small. At the highest 
displacements the maximum flow had occurred and the weld bead was 
large. 
This section of the literature review is concluded by recording 
that the microstructural studies have been carried out with the 
view that microstructure may have an effect on the strength of 
the joint. In these studies, microstructure was characterisied 
with varied success. However in none of the studies was 
microstructure correlated to long-term strength. 
2.2.5 Butt Fusion Veld Quality and Testing 
(1) Non-Destructive Testing (NDT) Determining whether a 
particular heat-fused joint is of satisfactory quality is a 
difficult problem. Non-Destructive and Destructive Testing 
Techniques are reviewed in this section. 
(a) Visual Inspection A visual inspection of the external 
bead can indicate joint quality but is no guarantee (35- 
38,41,45,47). The bead should be completely uniform around the 
circumference and equal amounts formed from each pipe end. 
Unevenness is usually caused by poor joint preparation. This 
technique is limited to detecting those welds which show surface 
defects such as insufficent melting as evidenced by too small a 
melt bead, discoloured material due to overheating or surface 
cracks and flaws due to contamination or mechanical damage. 
Evaluation by this means is highly dependent on the experience 
and training of the inspector <35-38) and it is possible to 
produce welds which look perfectly satisfactory 'but which 
fracture easily in a brittle fashion (35-38,41,45,47). 
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(b) Radiographic and Ultrasonic Examination Two of the 
most important non-destructive testing methods for polyethylene 
butt fusion welds are radiation and ultrasonic testing which 
have been used with varying degrees of success (38,45,47,74). 
X-ray Examination In view of the poor absorption properties of 
plastics, soft x-rays are employed for radiation testing. The 
excitation voltage varies between 30kV and 80kV depending on the 
thickness. Field evaluation of the fusion joint are conducted 
using a double wall, single image technique (47> with the x-ray 
set working at a maximum of 50kV. Although x-ray photographs 
may reveal defects such as inclusions of foreign material, 
voids, cracks and thereby indicating that the weld is 
unsatisfactory, the reverse is not always true, that is the 
absence of defects is no guarantee that a satisfactory weld has 
been made. 
Ultrasonic Examination Ultrasonic examination of polyethylene 
butt welds is done using calibrated equipment. Transducers 
having a frequency of 2.5MHz and the element dimension of 7mm x 
7mm are used (77). For wall thickness up to 15mm, the head of 
transducer is inclined at angle of 700 and for thickness greater 
than 15mm at angle of 65°. The principle of ultrasonic 
examination is based on the propagation of a high frequency 
sound wave through the wall thickness and measuring the 
intensity of the reflected wave, any defects in the wall 
thickness will cause the speed of the propagating and reflective 
wave to be altered, resulting in a deviation from normal signal. 
The resolving power of this method allows localisation of faults 
at depth of from 15 to 60mm with 1 to 3mm lateral range. The 
sensitivity of the test method also depends on the situation of 
the fault in relation to the propagation direction of sound 
waves. This technique is limited to detecting flaws such as 
cracks and voids rather than "cold" weld regions (75). 
Other NDTs which have been used included spark testing technique 
<38) and Holographic Interferometry (78). The later technique 
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also enables one to measure residual stresses and strains and 
slight surface shifts due to loading. However, - none of the NDT 
or visual inspection methods for polyethylene can ensure total 
integrity. 
(ii) Destructive Testing. In order to determine the optimum 
welding condition, to obtain information on the operatives 
and/or suitablity of the jointing method and for routine quality 
control, a test method is required which gives good 
differentiation and can be carried out quickly. Destructive 
testing is the suitable means of obtaining, such information. 
Two types of destructive testing method are available namely the 
short term testing and long term testing. 
(a) Short Term Testing: Tensile Test The tensile test is 
one of the popular tests applied to the routine evaluation of 
the material/weld. The sample preparation is straight forward 
to carry out, the test is inexpensive and results generation is 
not a time consuming process. In the case of a butt welded 
pipe, longitudinal samples are taken from the welded region such 
that the weld lies in the middle of the test specimen. The 
usual procedure is to carry out a tensile test with the weld 
bead left on and also with the weld bead removed. A welding 
factor, f, defined by-'equation (2.11) is-then reported'(41). 
f= yield strength of welded material (2.11) 
yield strength of basic material 
Atkinson and coworkers (41-44) and Malguarnera and Earles (45) 
seem to favour the tensile test method to evaluate the optimum 
welding conditions. The results, reported in terms of welding 
factors, f showed little change in f with `the welding condition 
ranges examined. For example the highest variation in welding 
factor was found to vary between . 89-. 95 for the welding 
temperature variation of 150 to 250°C; for the other grades of 
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polyethylene tested f was noted to be between . 98-1.0 or . 95-. 98 
when the welding temperature was varied in the similar range. 
Malguarnera and Earles (45) working with Drisco 6500 pipe have 
reported the result in terms of yield stress. A significant 
reduction in the yield stress of the butt welded specimen was 
apparent at the very low welding temperature (204°C) and at very 
high welding temperature (370°C) for the low heating time <5 
seconds), low heating pressure (5 psi, 3.5MNm-2) and low fusion 
pressure (20 psi, 14MNm- ). 
Most of the research investigators (47,49,50,56,72,73,83) do not 
prefer to use tensile tests for assessing optimum welding 
conditions of butt welds because the results obtained using this 
test method vary only slightly as examplified by Atkinson et al 
(41-44) and Malguarnera and Earles (45) work. It overestimates 
the weld strength (f of . 95-1.0>, and it only detects a very bad 
weld (butt welds made under poor/extreme conditions). In 
addition, it is well known that the mechanical properties of 
thermoplastic materials are time dependent; bearing in mind that 
pipe systems are usually designed for 50 years, the tensile test 
provides, at best, only a limited guide to the long-term 
behaviour. Furthermore, the failure obtained under a tensile 
test is not similar to service failures. 
Finally, although Potente and Tappe (62) disapprove of the 
tensile test, they favour two modified short term testing 
procedures proposed by Herfort (79), Hessel and John (80) and 
Menges and co-workers (195,190). Herfort (79) proposal 
involves the low temperature bending test and Menges and co- 
workers (195,196) proposal involves the short-term tensile test 
to be carried with a hole notch at the butt weld and use the 
breaking strain rather than yield stress for the evaluation. 
(b) Long-Term Testing For plastic pipes the resistance 
to internal water pressure is normally used as a quality control 
test and to predict long-term properties. Lack of time and 
testing capacity requires that accelerated tests (stress-rupture 
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test at elevated temperature) are used, the results being 
subsequently extrapolated to the desired requirements - an 
expected admissible hoop stress after fifty years under static 
load is the basic design criterion used in the UK (197,198). 
However, before examining the review on Long-Term Testing it is 
appropriate at this juncture to consider and introduce the 
stresses in pipes under internal pressure. 
Pipes as Thin-Walled C4 
and extend freely and 
three mutually perpendi 
in figure 2.7. Such 
circumferential, axial 
(199,200). 
'linders If a 
is subjected 
cular stresses 
stresses are 
or longitudi 
pipe is allowed to expand 
to an internal pressure, 
will be produced as shown 
generally termed hoop or 
nal and radial stresses 
Hearn (199) considers that a criterion for the assumption that-a 
pipe is a thin-walled circular cylinder is if the ratio of the 
wall thickness to the inside diameter of the pipe is less than 
1/20. If such is the case it is possible to assume that the 
hoop and axial stresses remain constant through the wall 
thickness and that the radial stress is small enough to be 
neglected. (In practice its value increases from zero on the 
outside surface to equal the internal pressure at the inside 
surface of the pipe). In this approach the effects of any end 
fittings are considered so far removed as to be negligible. 
For the above conditions the hoop stress generated in a thin- 
walled pipe is given by 
O'N = PSi 
2t 
where am is the hoop stress 
d is the internal diameter 
t is the wall-thickness 
P is the applied internal pressure 
(2.12) 
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The longitudinal or axial stress in a pipe wall produced under 
similar conditions is given by 
ur A= 
Ed. 
4t 
(2.13) 
where aA is the axial stress. For axial stresses to apply the 
pipe system must have closed ends and the system be axially 
unconstrained. Once again the ends are considered as having no 
reinforcing effect on the pipe. 
From these equations it is evident that 
OH =2O (2.14) 
Another relation for the effect of internal pressure on a thin- 
walled pipe is known as Barlow's formula. It is considered to 
be a reasonable description of circumferential stresses in pipes 
of most thickness ratio and is expressed as 
DYH = Es. (2.15) 
2t 
where OH, P, and t are defined as before and d is the outside 
diameter of the pipe. 
The Nadai formula is a further variation on the hoop stress/pipe 
dimensions relationship and is given by 
off =P (d - t) (2.16) 
2t 
where all symbols have meanings prevously defined. This is the 
relationship which has been applied in the first instance, to 
all the experimental data reported in later chapters. The 
approach concurs with the method of obtaining hoop or 
comparative stresses in thermoplastics pipes used by most 
manufactures and other workers in the field of internal 
pressure testing. 
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Pipes as Thick-Walled Cylinders The theoretical treatment of 
stresses in thin-walled cylinders under internal pressure with 
free ends assumes that: - 
(a) The hoop stress is constant across the cylinder wall 
(b) There exists no pressure gradient across the cylinder 
wall. 
Neither assumption is valid for thick-walled pipes or cylinders 
and in reality the hoop stress will vary in all SDR 11 pipes 
(SDR - Standard Dimension Ratio is defined as the ratio of the 
pipe outside diameter, d to wall thickness, t). The hoop stress 
on the inside surface of the pipe can be greater by about 25% 
than the hoop stress experienced on the external surface. The 
expression describing this variation is developed from the Lame 
equation and is given by 
CffH7. - = P[ rý2 ]11+ L2] (2.17) 
1r2- rs2] [ r2 3 
where CO'H]r is the hoop stress at radius r and r, and rom are the 
inside and outside radii of the pipe respectively. 
An equation such as that above will enable the true hoop stress 
at any point within a pipe wall to be identified. Expressions 
describing the variation in axial stress, aA radial stress, Or 
is given by (199). 
(O ]rP, r+2- Pyre 
r,. 21' -r 12 
" C2.18) - 
where P, is the inside pressure and Ps the external pressure. 
10] 1-- = Pt rý2 ]tr--z» -r 2] (2.19) 
1 rö - rs2 31 r2 ] 
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QH QL 
QH = Pd 
h 2h 
OH OH 
Fig. 2.7 Half of a thin cylinder subjected to internal pressure showing the 
hoop and longitudinal/axial stresses acting on any element in the cylinder 
surface. (After Ref. 199) 
Uniaxial Biaxial 
8S 
oE 
X 
v 
42 
L 
a) H 
E 
2 
a) 
a) 
0 
123 
Log (failure time) 
Fig. 2.8 Dependence of failure time on free sample length of uPVC pipe 
expressed in outside diameter units (xOD) for uniaxially and biaxially 
stressed pipes. Temperature 20°C; Hoop Stress 39.3 MPa, Pipe OD 110ma 
and wall thickness 3.3mm. (After Ref. 197). 
Long-Term Testing Two different types of test methods are 
utilised to determine the lang-term properties of pipe systems; 
the tensile creep rupture (43,73) and the internal 
pressurisation of the pipe systems (49,50,56,61,72,73,83). 
These tests require a large initial investement in the 
equipment, they occupy large ammounts of space, require 
maintenance and results generation is rather a wearisome 
process compared to short-term tensile tests. However, the 
information obtained from the long-term testing is invaluable 
and of paramount importance. Both the tests are carried out at 
a series of elevated temperatures (typically for HDPE, at 40,60 
and 80°C) and the results extrapolated to the desired 
requirement. The internal pressure testing of pipe systems is 
conducted according to relevant standards; ASTM 1598, BS 3284, 
BS 4728, British Gas Corporation Standard PS/PL2 and Water 
Authority Association Specification 4-32-(02-04). 
Test parameter consistency is required for the test results to 
be of use, particularly temperature, pressure and specimen 
dimensions (197). Figure 2.8 shows the effect of the free 
length on a thermoplastic pipe can have on the failure times at 
20°C. The diagram also indicates the variation induced by 
unconstrained and constrained ends (197) which can result in 
biaxial or uniaxial stress systems in a pressurised pipe 
altering the slopes and position of stress rupture curves, 
possibly a reflection of a craze criterion such as proposed by 
Sternstein and Ongchin (201) for the failure of thermoplastics 
under this type of stress. 
Diedrich and Gaube (49) and Diedrich and Kemp (50) have shown 
that if tensile creep rupture of the sample taken across the 
welded sample is carried at 20,50 and 80°C in water, then the 
long-term welding factors of between .9 and 1.0 are obtained and 
lifetimes are ten times that of the butt welded pipe tested 
under constant internal pressure (stress-rupture test) which is 
subjected to biaxial stress ie pipe tested with no end 
constraint. In this respect, it is interesting to note that 
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Barton and Cherry (61) investigating internal pressure strength 
of the butt welded pipe with end constraint and without end 
constraint found that the pipe tested without end constraint 
failed earlier compared to the sample tested with end 
constraint. They opted for the test inducing a biaxial stress 
condition because failure occurred at the weld under this more 
aggressive test mode. 
There have been a limited number of studies (82,106) where the 
internal pressure has been made to fluctuate <fatigue) rather 
than remain constant. The fatigue testing of butt welded pipe 
samples is resorted to because of increasing demands made on 
MDPE/HDPE pipe systems and increasing improvement in the 
performance of pipe means the stress-rupture testing takes 
longer to generate the results. 
Finally Atkinson and DeCourcy (44) have criticised stress- 
rupture testing of pipe at elevated temperature on the following 
counts: - 
(1) Predicting long-term behaviour using an elevated 
temperature of 80°C is dangerous -because Schonefeld and 
Wintergerst (135) have shown that the density, internal stress 
and bursting strength of polyethylene pipe are all altered by 
being subjected to a temperature of 80°C for prolonged periods. 
(2) Stress-rupture tests are lengthy and expensive and 
it is not usually practical to carry out sufficient tests to 
determine optimum welding conditions. 
(3) Most stress-rupture tests are obtained with the pipe 
in contact with water and this may accelerate failure. 
However, the above criticism can be equally argued on the 
following counts: - 
(1) Predicting long-term behaviour by use of accelerated 
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testing at elevated temperatures, although not ideal, is not 
invalidated as long as effects due to elevated temperature 
testing can be identified and accounted for in the proposed 
failure mode (82). 
(2) The expense put into the long-term testing is 
justified because the test condition has the advantage of 
simulating the service condition as the failure mode obtained 
under test are identical to failures which occur in service. 
This type of testing has been successfully used for the past 25 
years to predict the service temperature performance and improve 
the grades of MDPE/HDPE material. 
(3) Stress-rupture tests have been carried out in water 
and air (131), and the lifetime was not found to differ 
significantly. 
2.2.6 Xisaligned Butt Weld 
Axial misalignment of the butt weld or the mis-match of the weld 
at the butt weld can be caused by any one or combination of 
following; pipe outside diameter and wall thickness lying at the 
extreme opposites of tolerance range, ovality, damaged pipe 
ends, out of aligned welding machine, carelessness, joining 
coiled pipes and there is also the case of jointing of pipes 
with different wall thickness classes. It is interesting to 
note that the tolerence limit for wall thickness increases with 
outside diameter as stated in the ISO specification (see 
reference 3). Thus with increasing outside diameter pipe there 
is a greater potential for misalignment of the butt weld. For 
example the outside diameter tolerance range for nominal 250mm 
pipe is 250.0 to 252.3 and wall thickness tolerances for SDR11 
are 22.7 to 25.2, that is potentialy a misalignment of 
magnitude over 20% of nominal wall thickness can occur. 
On the one hand the ISO tolerances for pipe dimensions are 
generous such that potentially axial misalignment of over 
20% of 
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nominal wall thickness can occur in practice while on the other 
hand the values quoted in the literature for maximum 
misalignment of the butt weld varies from 5 per cent (38) to 10 
per cent (47), which in practice would be unachievable if ISO 
specification (see reference 3) is followed. In this connection 
it is also interesting to note that a field survey was carried 
out by the author to assess the magnitude of axial misalignment 
occurring in practice. Figure 4.0 shows the results of the 
survey. For 82 per cent of the butt fusion welds examined (from 
6 different sites where 90/125mm MDPE pipe was laid), the 
maximum axial misalignment was under 5 per cent of the nominal 
pipe wall thickness. However, 6 per cent of the butt fusion 
welds had a significant axial misalignment in the range 15-20 
per cent of the nominal pipe wall thickness. The limited survey 
therefore indicated that gross misalignment of the butt weld can 
occur in the field. 
Various research workers have commented on the problem of 
misaligned butt welds and its consequence on the reduction in 
the lifetime of butt welds has been recognised (38,47- 
51,88,106). Sucherck (51) shows some typical geometry defects 
which can be introduced in the butt weld due to variations in 
the dimension of pipes and problem with the welding process 
itself - see figure 2.9. Greig (47), Albrecht (48), Diedrich et 
al (49,50) and Vancrombrugge <88) point out that butt welds in 
which the welding surfaces are not flush but staggered so that 
there are sharp transitions, then a displacement of the lines of 
forces give considerably reduced rupture times. Greig <47) 
believes that a step of over 10% of the pipe wall thickness is 
unacceptable and a step wall substantially weakens the weld 
joint not only through the reduction in the area fused but due 
to the introduction of sharp notches in the region of the bead 
produced during fusion. 
Albrecht (48), is the only research investigator to the authors 
knowledge who has carried out stress-rupture tests on the pipe 
systems containing a wall thickness step at the butt weld 
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resulting from different wall thickness pipe; in this study by 
Albrecht the pipe axis were parallel and aligned. The test 
results showed that the presence of a step an the inside wall 
of pipe prevents the test specimen from reaching the minimum 
failure time of 170 hours at 80°C. However, Albrecht (48) does 
not report what was the magnitude of the misalignment and 
examination of the relationship between misalignment and 
lifetime was not carried out in any detail. 
Reinke and Potente (125) quote Ory's work in which the increase 
in axial stress, iva. and hoop stress, at-, due to axial 
misalignment defined in figure 2.10(a) and due to shrinkage at 
the weld (due to relaxation of residual stresses) defined in 
figure 2.10(b) can be accounted for by the following sets of 
equations: - 
o'a = P(d - t) (1 + 3a) (2.20) 
4t t 
ore-, =P (d - t) (1 + 0.2789p-) (2.21) 
2t t 
P(d - t) (1 t 1.14-9 d j--- 1> (2.22) 
4t t 
(rR, ' = P(d - t) (1 t 0.6581 - 1) (2.23) 
2t t 
where P= applied internal pressure 
d= outside diameter 
t= wall thickness 
e= axial displacement at the weld-see figure 2.10(a) 
y= angle of inclination at the weld-see figure 2.10(b) 
Via' = increase in axial stress due to angular misalignment 
Wt'. = increase in hoop stress due to angular misalignment 
Note that in equations 2.20 to 2.23 when there are no defects, 
that is when e=0 and X=0 the equations reverts to 
identifying the axial and hoop stress in plain pipe. Reinke and 
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(a) (b) (c) (d) 
Fig. 2.9 Geometrical defects in plastic pipes butt welded 
(a) unequal diameter, (b) grooving, (c) displacement and 
(d) sharve bend. (After Ref. 51) 
Fig. 2.10 Geometrical defects at the butt weld 
(a) due to displacement of the wall and 
(b) due to shrinkages (After Ref 125) 
Potente (125) comment that as a rule, it is the axial stress 
which is responsible for the breaking of the weld seam. 
It is clear from the literature review that the problem of 
misaligned butt welds has been recognised by the various 
research workers. However, no one has carried out any 
systematic study into the problem and the information on how 
misaligned butt welds influence the service lifetime of the pipe 
systems is scarce. 
2.2.7 Butt Veld Failure 
The failure of pipe (49,72,73,83,84,88,95) and axial (72.82,106) 
and circumferential (49,56,61,82) brittle cracking in butt welds 
has been reported when butt welded samples of HDPE pipe were 
tested under stress-rupture and fatigue conditions. Diedrich 
and Gaube (49), Wolters and Venema (73), Menges and Roberg (95) 
and Uancrombrugge (88) found that when butt fusion welds were 
tested under stress-rupture conditions, most of the samples did 
not fail at the weld but in the pipe itself. However, Diedrich 
and Gaube (49) did observe two other types of failure at the 
butt fusion weld; 
(i) circumferential failure as a result of insufficient melt 
penetration and 
(ii) circumferential failure due to a notch effect at the weld 
bead. 
Walters and Venema (73) tested butt fusion welds produced under 
a broad range of welding conditions using internal pressure 
tests. In these tests only pipe failures were observed, no 
failure occurred in the weld region. In the opinion of Wolter 
and Venema (73) only very bad welds would lead to premature 
failure in the weld zone during stress-rupture tests. 
John (72), recently carried out stress-rupture tests on butt 
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welds in 90mm SDR11 HDPE pipe made at a low environment 
temperature and observed that all the samples had an axial crack 
in the pipe or in the butt weld and no circumferential failures 
were observed. In contrast to John (72), Kashkovskay and 
Kaigorodov (56) found only the circumferential failure due to 
the notch at the inner weld bead in more than 700 butt welds and 
socket fusion joints in five different grades of HDPE pipe of 
outside diameter of 100mm and 150mm under stress-rupture testing 
conditions. Potente et al (124) believe that in the case of 
faultless joints the notch between the weld bead and the pipe 
constitute the weakest point, whilst the other case where 
welding conditions have deviated, the abrupt transition from 
residual compression to residual tensile stress during the 
progress of cooling contributes towards the width of scatter of 
the weld seam quality value. Potente et al (124) determined 
axial residual stresses for a range of welding conditions and 
concluded that with the internal pressure test, bending stresses 
can occur; and the residual stresses can weaken the weld, hence 
they should be avoided 
Zaitsev et al (52-54), have suggested that the circumferential 
failure of butt fusion welds is caused by the welding conditions 
not being observed, deviations from the optimum joint designs, 
the presence of internal-stresses, changes in the structure of 
welds, thermal degradation and bubbles of air or pores in the 
central zone of the weld and also near the weld bead. 
In fatigue loading of butt welds in HDPE pipe, Cowley and Wylde 
(106) observed only the axial failure at the butt weld while 
Barker (82) found both axial and circumferential failure of butt 
welds in HDPE pipe. 
.h 
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2.3.0 Fatigue Behaviour Of Thermoplastics 
2.3.1 Introduction 
Fatigue or dynamic fatigue failure is the phenomenon of fracture 
of a material or structure under repeated or oscillating 
loading. The importance of fatigue is that under fluctuating 
loads materials will fail at stress levels much lower than they 
withstand under static loading. 
The list of experimental variables which needs to be considered 
when designing fatigue tests is shown in the table 2.2. The 
objective of fatigue testing is to determine the relationship 
between the applied stress amplitude (or mean stress or maximum 
stress) and number of cycles to failure as a function of an 
experimental variable e. g. frequency, wave form, grade of 
material, a notch, an environment, etc. The results are 
presented in the classical fatigue curves referred to as 'S-N' 
or Wohler curves, a plot of logarithm stress amplitudes, S 
against logarithm number of cycles to failure, N. Such curves 
provide basic design information on the performance of the 
material under the experimental conditions but do not provide 
much information concerning the mechanism of the fatigue 
failure processes. They do not establish whether crack 
initiation or propagation is the dominant phase in the fatigue 
life. Therefore, to gain an insight into both the kinetics and 
the mechanisms of fatigue crack growth, fracture mechanics 
principles have, over the last decade or so, been applied. In 
these crack propagation studies, the objective is to ascertain 
the factors that control crack growth rate, da/dN which is 
usually examined using the stress-intensity range AK, (stress- 
intensity factor describes the stress field ahead of the crack). 
There is a fairly extensive literature concerning the fatigue 
properties of polymeric materials; there are several excellent 
reviews (142-147) and the subject has been covered by the 
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Table 2.2 List of experimental variables which need to be considered when 
designing fatigue test. 
1. A periodically varying stress system having a characteristic 
stress amplitude, a,, Lv,, = (o'ý.... - 
2. A corresponding fluctuating strain amplitude c,.. 
3. A an stress level, aM [da=#(a,.. + '., L. )7. 
4. A mean strain, c.. 
5. A stress ratio, 
6. A strain ratio, 
?. A frequency, va. 
8. A characteristic wave-form (sinusoidal, square, etc. ). 
9. The amount and internal temperature of the specimen which 
in general will not be the same. 
10. Environmental effects and 
11. The specimen geometry. 
polymer fracture monograph (48-152) and comprehensively in the 
book by Hertzberg and Manson (151). Therefore a brief review of 
the two fundamental mechanism - of fatigue failure in 
thermoplastic materials namely thermal and mechanical fatigue is 
considered; failure resulting ýfromn cyclic - creep (due to 
application of positive square wave form) is also considered. 
These three sections mainly concern-the sample in the 
conventional form of sheet or a rod in the unnotched and notched 
form and the fatigue test conducted by controlling stress 
amplitude, although deflection or strain controlled testing 
have been reported. The overview of the fatigue behaviour of 
thermoplastics is followed by a more specific review on the 
fatigue behaviour of HDPE pipe systems in which the sample is in 
the form of a pipe subjected to internal fluctuating pressure 
and important factors influencing its lifetime are considered. 
Then, the prediction of the fatigue lifetime is examined and 
finally the study on the fractography and fatigue mechanism is 
reviewed. 
2.3.2 Thermal Fatigue Failure 
The major cause of thermal failure is generally believed to be 
due to a combination of accumulated hysteresis energy generated 
during each loading cycle and a low thermal conductivity causing 
significant temperature rise in the polymer such that the sample 
melts, thereby preventing it from carrying any loads. The 
energy dissipation rate, E according to Ferry (153) may be 
described by 
E= tfJ" (f, J)oý (2.24) 
and the temperature rise per unit time, AT is given by 
AT = rrf _T" (f . J) ly 
PCR 
(2.25) 
where f is the frequency, J" is the loss pompliance, a, is the 
peak stress, p the density, and cP the specific heat. 
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The temperature rise in bulk polymers undergoing cyclic 
deformation has been measured for several polymers (149). 
Figure 2.11 shows the increases in specimen, temperature T with 
number of deformation cycles N (T-N curves) for nylon 6 (160), 
nylon 6,10 (158), and LDPE (162). The three sets of curves show 
that increasing ambient temperature, cyclic frequency or maximum 
stress level all promote parallel changes in the T-N curves. 
Different polymers exhibit vastly different susceptibilities to 
thermal fatigue failures. For example, Sauer and Richardson 
(164) have noted for polystyrene, which has. a very low internal 
friction, it is possible to run a fatigue test about 30Hz and at 
maximum stresses of about 15 MPa with the accompanying 
temperature rise being less than 2K (165). However, under the 
same conditions polyethylene samples would- rapidly melt and 
PMMA, which has a viscoelastic damping maximum near room 
temperature, would fail by thermal rupture unless the applied 
stresses were maintained at a low level. The significant effect 
that frequency has upon the form of the applied stress 
amplitude, a.. versus number of cycles to failure,, Nf when a 
thermal fatigue mechanism is operating may be clearly seen from 
figure 2.12. This data also demonstrates- that the thermal and 
mechanical fatigue mechanism may be thought of as competing 
failure mechanisms and Crawford and Benham (166) described the 
transition from one mechanism to theother in terms of a 
critical value of applied stress amplitude. The critical value 
for the transition in mechanism is dependent upon mean stress, 
frequency, . wave-form and specimen surface area - to volume 
ratio, apart from obviously also being dependent upon the 
material. 
In conclusion then, it is clear from the above that the thermal 
fatigue failure may be suppressed by several factors such as 
(151); limiting the applied stress amplitude, decreasing test 
frequency, allowing for perodic rest periods, or cooling the 
test sample, and by increasing the samples surface area to 
volume ratio. 
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Fig. 2.11 Effect of testing variables on specimen temperature. (a) effect of 
ambient temperature an nylon 6 (After Ref. 160), (b) effect of frequency on 
LDPE (After Ref. 162) and (c) effect on applied stress amplitude on nylon 6.10: 
curve 1,260 kg/cm2; curve 2,280 kg/cm2; curve 3,340 kg/cm-?. (After Ref. 158) 
ro 
CL 
38 Thermal fatigue ++ 
(T) 
+ T 
T 
Mechanical 
TT fatigue 
30 failures 
TTT 
TT 
T 
T 
22 
TTT 
Op 
O 
TTT 
T 
OQ 
14 
103 105 10, 
Cycles-to-failure, Nf 
Fig. 2.12 Stress amplitude, (r., versus logarithm cycles-to-failure, N, for a 
potyacetal copolymer +, 0.167; V , 0,5; 10 , 1.67; 0,5.0; A, 10. Hz 
(note 
difference between thermal and mechanical fatigue failure mechanism and their 
different dependencies upon frequency). (After Ref. 166) 
2.3.3 Mechanical Fatigue Failure 
The other main mechanism of failure is mechanical fatigue which 
involves the initiation of a crack and its subsequent 
propagation due to the alternating stress. Most of the interest 
has been focussed upon the growth of a crack which has 
macroscopic dimensions since it is this phase of the mechanical 
fatigue failure mechanism which often controls the fatigue 
life. However, before considering crack propagation studies, a 
limited review of what is known of the crack initiation 
processes is examined. 
(1) Initiation of Fatigue Cracks Both crack initiation and 
crack propagation can occupy substantial portions of the total 
fatigue life for polymeric materials (148-152). The possibility 
thereby exists to greatly increase the fatigue life by reducing 
the frequency of crack initiation. However, little attention 
has been paid to the initiation process itself. 
It appears as though the nucleation events in polymeric solids 
bear some relation to those observed in metals. For instance, 
nucleation at grain boundries is sometimes observed in metals 
(143). Andrews and Walker (167) have observed the analogous 
process of fatigue crack initiation at spherulite boundaries in 
LDPE. In a large number of cases, fatigue fracture of metals 
initiates at persistent slip bands ie in regions where extensive 
and highly localised plastic flow has taken place. Again, there 
is evidence as shown by Rabinowitz et al (168,169) that fatigue 
fracture in many polymers initiates at craze sites, an analogous 
case for crack initiation at a zone of high and very localised 
plastic deformation. 
Finally there is evidence that internal or surface flaws can act 
as nucleation sites. Crawford and Benham (163) report that 
submillimeter internal flaws formed during moulding of an acetal 
copolymer act as sites for crack nucleation. Rabinowitz et al 
(168) observe such defects can act as nucleation sites in 
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polystyrene. Feltners (180) however, finds no such effect of 
internal flaws in PMMA, but rather, indicates that cracks 
initiate due to stress and temperature instability at the base 
of shallow surface cracks. 
(ii) Fatigue Crack Propagation FCP The most popular approach to 
describe the fatigue crack growth rate (da/dN) as a function of 
applied stress amplitude, crack length and material properties 
has been to employ Paris's equation (171,172): 
d= AtAKsm (2.26) 
dN 
where A. and in are constants but their values depend upon the 
material, and the test variables of temperature, frequency, 
stress ratio and environment. AKz is the stress-intensity 
factor range ( K1 = K= max - Kxmin), the general formula which 
describes the stress field ahead of the crack is: 
oK = YAo (Ira) "* (2.27) 
where Ao' is the chosen/applied nominal stress range, Y is the 
geometric factor - allowing for shape, size and orientation of 
the crack and size of component, while a is the length of the 
crack. The main assumption being made in equations (2.26) and 
(2.27) is that linear elastic fracture mechanics is obeyed. 
That is, the size of plastic zone ahead of the crack is 
negligible compared to crack length and specimen dimensions and 
the polymer is in the linear elastic region (152). 
Experimentally the crack length, a, in a notch bar is monitored 
against the number of cycles, N to give a plot of crack length 
against number of cycles. These data are replotted as crack 
growth rate, da/dN against the stress intensity range, &K. The 
crack propagation studies are carried out at a lower range of 
frequencies, usually below 5Hz for polymers. 
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Fatigue crack growth rate data in the form, of da/dN against AK 
on a log-log plot have been cited for a range of amorphous and 
semicrystalline thermoplastics. Figure 2.13 shows such a linear 
plot for several of these polymers (151). Generally 
semicrystalline polymers tend to show superior resistance to FCP 
in comparison with the amorphous polymers, ie lower FCP rates at 
a given value of AK, or higher values of AK to drive the crack 
at the same velocity. The superior FCP behaviour exhibited by 
polycarbonate and Nylon 6,6 was related to the availability of 
significant energy dissipation mechanisms that are linked to 
main chain segmental motion (173). For the case of Nylon 6,6 
superior FCP behaviour also may be due to crystalline regions 
acting in a manner that would retard crack advance, for example 
by deformation and disruption of the crystallites (84). 
Hertzberg amd Manson (151) speculate whether polystyrene and 
polymethylmethacrylate, the worst materials shown in figure 
2.13, possess this dubious distinction as a result of their low 
fracture energy and/or tendency to craze. 
In some instances the relationship between da/dN and AK may be 
sigmoidal in shape due to A. and m not being truly constant. 
Crack growth rates are then found to decrease to very low values 
as AKx approaches to some limiting threshold value, AKim, and 
to increase to very high values as Kxmax approaches the typical 
Ki. values for crack growth under short-term monotonic loading 
conditions. 
To describe FCP response over a wide range of loading conditions 
and to reflect viscoelastic effects implicit in changes in 
frequency, waveform and temperature, a general FCP law can be 
written as 
sue, =D f(AK, Kc, AKt, rn) (2.28) 
dN 
where K., AKtiti, D and mare the fracture toughness, threshold 
value of AK, and material parameters, respectively and da/dN 40 
and w at Km and K¬ respectively (175). Hertzberg and Manson 
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Fig. 2.13 Fatigue crack propagation behaviour in amorphous and crystalline 
polymers. The fatigue crack growth rate, da/dN, is plotted against 
&K, (= Kl... - Klmin) (After Ref. 151) 
(175) have recently proposed a model to describe the FCP between 
AKt, and K¬ which combines both the molecular (rate process 
theory) and continuum elements. The essential feature of the 
model is to express da/dN as f(AK)/r where r is a characteristic 
relaxation time of the activated process in the plastic zone 
(disentanglement, bond rupture, etc), In the simplistic case, 7 
(a function of the appplied stress function (r (t)) depends on 
the material, but not AK and may be expressed as 
,'= rc, exp [ (E. ' - V' o',,,,,,. ) /RT7 (2.29) 
where O. m= OY,, [ (1 + R) /2] ;R is the gas constant, oy,, is the 
stress at the plastic zone boundary, and E. ' and V' the apparent 
energy and volume of activation, respectively. According to 
Hertzberg and Manson (175) the model has been used successfully 
to describe the effects of several tests and material variables. 
However, the application of the approach to much wider fatigue 
studies awaits good information. 
2.3.4 Cyclic Creep 
A basic hypothesis of the fracture mechanics approach outlined 
in the previous section is that the fracture process depends 
upon the magnitude of the stress range and not specifically on 
the time of its application. Cyclic or interrupted creep 
studies reveal, however, that fatigue behaviour depends at least 
in part on the loading - unloading process itself and time under 
load in the fatigue loading profile. This is seen in two types 
of measurement, one involving the total time to rupture and the 
other involving the creep rate. In either case the specimen is 
subjected to square wave loading, the lower limit of which may 
be either zero or tension or compressional. The duration of the 
stress pulses is such that experiments are generally 
sufficiently long (seconds to hours) that viscous heating effect 
could be realised only near the tip of the moving crack. 
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Schultz (149) discusses the results on the total time to failure 
r, which have been reported for PMMA, LDPE, PVC, ABS, 
plasticised epoxy and PS by various research workers, and 
comments that in all cases except LDPE the time to failure is 
decreased, relative to the static creep value, by the loading - 
unloading process. Natov and Glushov's result on LDPE (154) and 
on PVC (155) are of special interest, because these are the only 
investigations in which the time under load and the time at zero 
load are varied independently of each other. For PVC, the 
lifetime rr at constant zero load time decreases as the length 
of time under load decreases from 20 minutes to 1 minute. On 
the other hand, rr increases with decreasing load time from 120 
minutes to 20 minuties for LDPE. The effect of increasing the 
time at zero stress in the case of LDPE is to increase Tf above 
the static lifetime and for PVC is at first to reduce r{, but at 
longer zero stress times an increase towards the static lifetime 
is observed. No mechanistic interpretation has as yet been 
placed on these results. They broadly show, however, that the 
process of loading and unloading produces itself marked effects 
on the failure life of materials. Harris and Ward (156) too 
have shown that for some polymers the life is cycle, not time - 
dependent, in agreement with the thesis that the process of 
loading and unloading is intrinsically important. 
2.3.5 Fatigue Behaviour Of MDPE/HDPE Pipe System 
In contrast to PVC (93-104), the study on the fatigue behaviour 
of MDPE/HDPE (94,105-109) pipeline system has been some what 
limited. Each of the studies on MDPE/HDPE is reviewed and the 
uPVC study is omitted since it does not concern the current 
project. However some mention on uPVC will be made in order to 
illustrate some specific points. In the review presented, here, 
the fatigue loading is considered to arise from -fluctuation, in 
the pressure of the fluid. within the pipe, at a very low 
frequency (<1Hz) and at test temperatures ranging from 20 to 
80°C. 
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Lortsch (94) carried out pulsation testing under high maximum 
pressures at 20°C on black pigmented LDPE and HDPE pipes of 
diameter 32mm and 2.9mm wall thickness (SDR11). Ductile 
failures were observed and from the results Lortsch (94) 
deducted that pulsation increases the strength of the pipe (in 
the ductile region) and related this increase to the higher rate 
of loading, ie the higher the rate of loading the greater the 
stress at upper yield. Lortsch also concluded that pressure 
waves do not damage the HDPE as long as the mean stress does not 
exceed the stress at pressure. According to Lortsch then the 
fatigue does not reduce pipe lifetime where lifetime is defined 
by the time to pipe failure under maximum load. 
Fedosoff and Szpak (105) tested 160mm outside diameter HDPE pipe 
at 23°C to two different fatigue loading patterns; pressurising 
the pipe to a level causing a hoop stress of 12.8HPa for 15 
minutes followed by an instantaneous drop to give a hoop stress 
of 4.9MPa, this sequence was repeated every 12 hours, giving 
frequency of 2.5x10-15Hz, and a waterhammer loading every 12.5 
second. Waterhammer sequence was as follows; fast closing valve 
opens, pump starts and flow reaches equilibrium, fast closing 
valve cocks itself ready to fall, fast closing valve starts and 
pump stops. For both the cases no fatigue weakness was 
identified up to 968 cycles (11,610hours) in the first case and 
up to 41,500 cycles (144 testing hours) in the second case. 
Cowely and Wylde (106) investigated systematically the behaviour 
of butt fusion welded HDPE (density 955kg/m3, MFI 0.3g/10min 
2.16kg at 190°C) pipe and fittings subjected to fatigue loading 
Using HDPE pipe of 160mm diameter and 9.1mm wall thickness 
<SDR18) subjected to dynamic square wave fatigue at a fixed 
frequency of four cycles per minute (. 066Hz) and a pressure of 
6.3kgfcm --; ', tested at 50 and 70°C the pipe system lifetime was 
significantly reduced in comparison to the creep life of the 
pipe, and failure was shown to be due in 'part to the 
incorporation of injection-moulded fittings. They observed that 
crack initiation occurred at weld defects, that is all the 
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failures at pipe to pipe butt fusion welds were found to occur 
at weld defects caused by pipe wall misalignment and weld 
mismatch during welding. They also observed that some of the 
failures remote from welds were associated with pipe defects, 
such as bubbles trapped during extrusion of the pipe, and 
pointed out that the size of the defect may be important in 
controlling the times to failure. Cowely and Wylde (106) had 
also carried out tests in water, methanol and in a weak sodium 
chloride solution; no obvious relationship was apparent between 
time to failure and environment. 
Barker, Bowman and Bevis (107-109) report data on the fatigue 
response of three different small diameter (60/63mm) SDR11 
MDPE/HDPE pipe systems which included pipe to pipe butt fusion 
welds, 90° equal tees and 90° bends. These were tested at 
79.5°C using maximum stress values which lay in the brittle 
region of the stress-rupture curve and the loading profile was 
trapezoidel. The influence of loading frequencies in the range 
. 014 to . 143Hz was also investigated for various small diameter 
MDPE/HDPE pipes. The frequency was varied by varing the time at 
maximum stress while maintaining a fixed time off load. Barker 
et al support the observation of Cowley and Wylde (106) that 
pipe network lifetime can depend on the integrity of the 
injection moulded fittings or welds between fittings and pipe, 
as opposed to the strength of the extruded pipe. Since Barker 
et al used a trapezoidal wave form, it enabled the fatigue 
performace, defined by 
i fatiýu" = N{ X tmax (2.30) 
where tm. x = time under maximum stress 
Nf = number of cycles to failure 
to be compared to stress rupture time, 7sa under equivalent 
stress and testing temperature. The data of Barker et al is 
presented in figure 2.14 (a) and (b). It is clear from the 
results that f or two of the pipes (PE1 and PE3) the value of Nr 
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can be strongly frequency dependent over the limited frequency 
range of the fatigue loading studied. From their results it 
appears that in the brittle region of the stress rupture curve 
the failure under fatigue is due to the accumulated creep/stress 
rupture damage. However, for one of the pipes there was 
evidence of a real fatigue weakness, since the ratio to 
Tt It. iqLjýw/'rsR was of the order of 0.1 and -riaaigue lay to the 
left of the material manufacture's stress rupture curve. Tests 
on other long stress-rupture lifetime MDPE/HDPE pipes using a 
single frequency and hoop stress range, revealed a similar 
reduced performance under fatigue when compared to constant 
stress loading (T,., tic"m<0.048rsn) . 
2.3.6 Effect Of Fatigue Testing Variables 
In general, the fatigue properties of thermoplastic materials, 
in particular fatigue crack propagation, FCP, can be affected by 
a variety of parameters such as frequency, test temperature, 
environment, molecular properties and morphology, and sample 
size. Effects of these variables are fully discussed by 
Hertzberg and Manson (151). There is therefore no intention to 
reproduce their survey. However, it is proposed to discuss the 
possible effect of a relevant selection of such parameters on 
MDPE/HDPE pipe system lifetime; the effect of test frequency, 
wave form and pipe size will be considered. 
(i) Test Frequency The importance of test frequency has to 
certain extent, been discussed in section 2.3.2 and 2.3.3 on the 
mode of failure. For polyethylene, thermal fatigue failure is 
observed at a frequency of 30Hz (165); to obtain mechanical 
fatigue failure the frequency normally used is less than 15Hz 
depending on the applied stress. The review which follows 
discusses the effect of test frequency on mechanical fatigue 
failure, since it is this mode which is of concern. 
As a general rule for semi-crystalline thermoplastics the lower 
the frequency (<1Hz) of the applied load, the fewer the number 
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of cycles to failure, and the greater the period of test (which 
equals the number of cycles multiplied by the cycle time) 
(97,99,157,159). Mckenna and Penn (159) report an immediate 
contradiction to this general rule. For conditions of zero 
tension, sinusoidal fatigue testing, they found that the the 
lifetime (time of test), of polyethylene increases with 
increasing test frequency. For polymethymethacrylate, PMMA, 
increasing frequency caused the fatigue lifetime to decrease. 
Thus PMMA obeys the "general rule" as suggested by Stapel (99) 
but PE does not. Natov and Glushkov (154,155) investigating the 
effect of loading time at constant cyclic recovery using a 
square wave form on the lives of PVC and LDPE have also made 
similar observation to }tckenna and Penn (159). Natov and 
Glushkov (154,155) found that for PVC the total testing time 
increased with decreasing frequency in accordance with the 
general rule but the opposite effect was observed for LDPE, the 
total testing time decreased with decreasing frequency. 
De Charentenary et al (192) investigated the influence of 
frequency in the range .1 to . 15Hz on the fatigue crack 
propagation, FCP of the conventional fatigue sample of HDPE. 
At a given stress intensity factor range, the decrease in 
frequency from 15 to 1Hz was found to increase the crack growth 
rate by two decades. They report a fatigue sensitivity factor, 
FSF of 5 for HDPE, the highest ever reported. FSF is defined as 
the multiple by which FCP rate chages per decade change in test 
frequency, after Hertzberg and Manson (151). De Charentenay et 
al (192) state that high sensitivity to frequency is consistent 
with the hypothesis of Hertzberg (151) concerning the fit 
between molecular jump frequency and the test frequency. The 
observation of a damaged zone in the front of the crack tip 
showed that this zone was larger for the low frequency. Thus 
microvoiding appeared to be enchanced at a low frequency. 
There have been a limited number of studies, an fatigue 
properties of MDPE/HDPE pipe system (94,109) and in general only 
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at one frequency, so that comparison cannot be drawn to identify 
any frequency induced effect on lifetimes. However, Barker et 
al (108,109) experimenting on the 60/63mm outside diameter MDPB 
pipe samples using a trapozidal wave form have carried out tests 
at a range of frequencies from . 86 to 8.6 cycles per minute 
(. 014- . 143Hz) and at test temperature of 79.5°C and found the 
number of cycles to failure increases with increasing frequency, 
obeying the "general rule". There would appear to be some 
process at work in PB which is not yet obvious, but may be 
something to do with the waveform of the applied load. 
For pipes of uPVC, Stapel (99) discusses the effect of a range 
of fatigue frequencies from 0.1 to 23 cycles per minute, cpm. 
Stapel reports that Hucks (96> found no significant differences 
in the performances of the pipes fatigued in the stated 
frequency range. However, Dukes (103), for uPVC pipe, reports 
the cycles to failure increasing with increases in operating 
frequency (from 10 to 100 cpm) at 15XNm = while at higher 
stresses frequency changes seem to have little effect in real 
terms. By comparison, an increase of about 15 times was 
reported by Gotham and Hitch (97) on conventional fatigue 
samples of well processed uPVC over the same frequency range at 
35MNn 2. 
Jacobi subjected - injection. moulded uPVG"-tee ý fittings to two 
frequencies at several pressures in a range up to 
about. 606t. 202MPa and at a temperature of 20°C. He found 
increased frequency (80cpm) reduced the lifetime of the tee 
significantly, compared with a lower frequency of 2cpm. Jacobi 
considered such failures to be related to the effect of 
processing and went on to say that the results from his work 
prove the unsuitability of short term tests and recommended that 
pipe fittings which are subjected to periodically changing 
stresses should be tested with alternating internal pressure in 
order to obtain information regarding the lifetime. 
(ii) Wave Form Stapel (99) refers to work by Oberbach and 
Heese (176) which suggests that square wave loading profiles 
- 49 - 
lead to failure sooner than either sinusoidal or sawtooth types 
of waveforms. It appears that such differences occur more 
markedly at high stresses, whereas at lower stresses no 
significant differences'are apparent. 
The reason for this appears to be due to the effect of creep 
deformation which has a greater influence at elevated stresses; 
coupled with this is the reasonable assumption that since a 
rectilinear waveform imposes a maximum stress for longer 
compared with a sinusoidal or sawtooth, the amount of creep 
damage per cycle would be greater. 
Hertzberg and Manson (151) discuss the effect of loading profile 
on fatigue crack propagation and propose theories which conflict 
to some extent with those suggested by Oberbach and Heese 
(176). A change in strain rate is brought about by altering the 
waveform from rectilinear to sinusoidal or triangular and this 
will affect the material's stiffness as well as its yield 
strength, particularly with non-linear viscoelastic polymers 
such as HDPE. The higher the strain rate, the stiffer the 
material and the higher its yield stress. 
To summarise Hertzberg and Manson's (151) opinion, the effect of 
loading profile on fatigue behaviour has been examined on a 
number of polymers where, for example, a square waveform has 
provided a strongly beneficial effect (for vinyl urethane). no 
effect (for polycarbonate) and a deleterious effect (for 
polymethylmethacrylate). Since polymers such as PE, uPVC and 
others differ with respect to their viscoelastic response, the 
different strain rates provided by the three types of a waveform 
mentioned above will have different effects on each material. 
There is apparently no hard and fast rule to enable a prediction 
of behaviour to be made. 
However, because the various loading profiles result in 
different load-time integrated areas and different loading 
rates, the effects due to creep deformation and load appliction, 
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as described by Oberbach and Heese, have to be isolated. 
Hertzberg and Manson (151) show for a number of thermoplastics 
(excluding PE) that for the same loading rate, crack growth 
rates were consistently higher in association with the square 
wave which possesses twice the load-time integrated area, 
compared with the negative sawtooth waveform. In accordance 
with Hertzberg and Manson's suggesstion, Dukes (103) observed 
that the cycles to failure of both HSPVC and extruded uPVC pipe 
were marginally increased by changing the form of loading from 
square to sinusoidal with a near zero minimum load. There was 
also some evidence that the endurance limit is higher for both 
types of pipe under sinusoidal conditions and not under square 
waveform but comments that more work is required on both 
materials at long testing times. 
For any work specifically related to PE plastic pipes, it is 
necessary to refer to Lortsch (94), who found that a 
sinusoidally varying internal pressure on HDPE pipe increases 
the time to failure if compared with a static load. 
From the preceeding discussion it becomes clear that both 
loading rate and load-time integrated area must be considered 
for the fatigue response in PE pipe systems. This will supply 
only part of the solution, however, since stress levels and 
frequency will also produce significant effects for reasons 
described previously. Fatigue response in PE is thus apparently 
a result of a complex interaction of a number of variables, 
which have not been clearly defined in the literature to date. 
(iii> Pipe Size A limited number of studies on the influence 
of pipe diameter and wall thickness on fatigue performance of 
uPVC have been reported (177-179). The findings of these 
studies are summarised below: - 
(a) Large diameter pipes do not, of necessity, exhibit lower 
fracture strength under fatigue at the same maximum hoop stress 
(177). 
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(b) Pipes of larger wall thickness exhibit lower fatigue 
strength and allow the process of fatigue crack propagation to 
progress more easily (177). 
(c) Small diameter pipes last longer than larger diameter 
when subjected to the same maximum hoop stress, all other 
parameters being equal (179). 
(d) Tests on pipes with different SDR's indicate that the 
thin walled pipes sustain fatigue loadings better than thick 
walled pipes, for the same maximum hoop stress (178). 
The conclusions drawn in (a) by Moore et al (177) and in (c) by 
Kirstein (179), although not exactly contradicting, certainly do 
not reinforce each other's findings. In other words, by 
increasing the pipe diameter and maintaining the same wall 
thickness, but subjecting all pipes to the same hoop stress, the 
lifetime under fatigue may or may not be reduced. 
2.3.7 Prediction Of Fatigue Lifetimes 
Lifetime predictions of a plastic component subjected to certain 
fluctuating loads have been successfully undertaken by using the 
concepts of cumulative damage and cycle dependent failure which 
can be described in terms of fracture mechanics. 
The cumulative damage concept of fatigue failure assumes damage 
accumulates only during the time when the part is subjected to 
stress, failure occurring when the accumulated damage reaches a 
critical value (159). For simple loading profiles, such as a 
rectilinear waveform, the cumulative damage model is able to 
predict the number of cycles to failure, N* using an expression 
similar to that of Stapel (99). 
Ni =Ei] (2.31> 
Etmaiac]T, ar 
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where Tran is the stress rupture lifetime and t. x is the section 
of the time cycle under the set maximum load, both at the same 
stresses and temperature. In theory equation 2.31 is frequency 
independent and no restriction is placed on the length of the 
period tmmw spent at maximum stress during each cycle. There is 
also no allowance made for recovery of damage, so that it must 
be assumed that the recovery or the time off load is negligible. 
In cycle dependent fatigue failure the repeated application of 
stress, rather than the time for which the stress is applied, 
induces damage and causes a crack to propagate. It implies that 
a component will fail after a given number of fatigue cycles and 
the total lifetime to failure decreases proportionately with 
increasing test frequency. Mckenna and Penn (159) have shown 
that PE subjected to sinusoidal fatigue loading does not fail in 
a cycle dependent manner, nor can the previously described 
cumulative damage concept describe the material's frequency 
dependence. 
It was discussed in section 2.3.3 under fatigue crack 
propagation, FCP; the actual rate of crack propagation in terms 
of the number of loading cycles, N is normally expressed in a 
form attributed to Paris (171,172) as given by (2.27) which is 
reproduced here 
dIL = AttKzm 
dN 
and 
(2.26) 
tK = KM. x - Kmir = Y(oir)(na)b* (2.27) 
where all the terms are as previously defined in section 2.3.3. 
In this mode of fatigue failure, for plastics, the frequency of 
loading can have a considerable influence on both "constant" At 
and m. 
Equations (2.26) and (2.27) can be integrated with respect to N 
between the limits of initial crack length ao and the final 
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crack length, which for pipes is taken to the wall thickness, t 
<25,26). Thus we have: 
N: _ 2_ ] (Y(t() n)(2.32) 
m-2 At 
This equation (2.32) assumes that the geometrical correction 
factor, Y remains constant between ao and t. If, however, Y 
depends strongly upon crack length then the equation for Nr must 
be evaluated numerically. 
When t» ao, its contribution to the expression for Nr is very 
small and the equation can be simplified to 
Nr = constant (2.33) 
which can prove useful for determining stress level effects on 
the fatigue crack propagation lives of samples with identical 
geometries and flaws (19,20). 
2.3.8 Fractography and Xicromechanism 
(i) General The literature on the features of fatigue fracture 
surfaces and the proposed micromechanisms for the failure 
resulting from mechanical fatigue is reviewed. In general two 
different sets of fatigue marking may be found on the fracture 
surface of the same polymer, each band corresponding to either 
one (striation formation) or as many (discontinuous crack growth 
band) as 1000 load cycles. 
(ii) Striation Formation At relatively high OKz values and low 
frequencies most polymers with the exception of PVC, experience 
incremental crack extension where the striation marking produced 
on the fracture correspond to successive positions of the 
advancing crack front as a result of individual load excursion 
(151). For polymethylmethacrylate, polysulfone, polystyrene and 
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polycarbonate, excellent one-to-one agreement between striation 
width and macroscopic growth rate has been observed (151). This 
implies that in the AK regime where striations are found, they 
represent the only fatigue crack advance micromechanism and 
account for the entire crack increment during a given loading 
cycle. By way of confirmation, no other fracture mechanism is 
seen in these materials in the oK regime where striations are 
found. 
The surface of each striation contains a fine linear structure 
oriented normal to the striation line itself which may be 
reflecting material tearing during its formation. Overall, 
there appears to be no change in morphology from one side of 
the striation to the other. The morphology and mechanism of 
fatigue striation formation have been considered by several 
investigators (180-183) McEvily et al (181) and Feltner (180) 
described striation formation in PMMA. PC and Polyethylene (PE) 
in terms of the crack-tip blunting model proposed by Laird and 
Smith (184), wherein the crack-tip is considered to blunt and 
resharpen during loading and unloading portions of the stress 
cycle, respectively. The development of a bundle of crazes 
rather than a single craze has been suggested to be a possible 
crack tip blunting mechanism (185). 
(iii) Discontinuous Crack Growth Bands The other sets of 
parallel fatigue markings have been found at low AK levels and 
at high test frequencies in PC, PS, PMKA, and at all stress 
levels in PVC and PE (149,151). These bands are too large to 
be caused by the incremental extension of the crack during one 
loading cycle. Instead, they correspond to discontinuous crack 
advance following several hundred loading cycles during which 
the crack tip remains stationary. The fatigue fracture sequence 
that produces these markings together with the model of 
discontinuous crack propagation mechanism is shown, in figure 
2.15. The damaged zone ahead of the crack is a single craze, or 
a few crazes at most, develops continuously, although it is 
characterised by a decreasing rate with increasing length. When 
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the craze reaches a critical length, the crack advances abruptly 
across the entire craze and then arrests. With further cycling, 
a new craze is developed and the process is repeated. Several 
authors (185-190) have used the Dugdale plastic-zone model to 
describe the craze length ahead of the fatigue crack tip. Skibo 
et al (186) have determined the craze length, R. by measuring 
the band spacing and deduced the craze surface stress, o.. using 
equation: 
Kx-? 
8I0' c In-"2" 
(2.34) 
and taking K=c=K: m=x. For a range of polymers there was a 
reasonable correlation between the computed value of o and the 
measured plane strain yield stress, as may be seen from the 
table below. 
Values of the craze surface acs, deducted from the Dugdale, model 
and plane-strain yield stress, o'y' (186) 
Polymer acs (MPa) a,, " (MPa) 
Polystyrene 38 38 
Polyvinylchloride 51 47-65 
Polysulphone 79 67-80 
Polycarbonate 81 61-82 
(iv) Fr_actoRranhv and Fatiwue Failure Mechanisms in Pn1 vcxfhv1 oro 
This section is specifically devoted to fractography and fatigue 
mechanisms in polyethylene. Papers published by the following 
are dicussed; White and Teh (191) on LDPE and HDPE, 
De Charentenary et al (192) for results specifically related to 
FCP in HDPE, Cowley and Wylde's (106) observations with the 
fracture morphology and mechanism of fatigue failure in HDPE 
pipe systems and Barker et al (109) characterisation of 
initiation site in fatigue and stress-rupture. 
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White and Teh (191) using a specially constructed fatigue rig at 
a frequency of 0.24Hz (15cpm) tested HDPE (Mn cc 10s, Mw = 10°, 
density 960Kgm-O) compression moulded parallel sided dumb-bells 
where the internal stresses had been removed. They indicated 
that stress whitening was found to occur at the crack tip prior 
to crack growth. The surface showed a fibrous type of failure 
where the fibrillation was more extensive and developed to a 
degree greater than in the other polymers examined in their 
investigation. Microfibrils were observed with lengths of the 
order of nanometers and were found to be comparable to the well 
developed microfibrils produced by "cold drawing" of HDPE at 
elevated temperature. The fractured fibril remnants were 
generally less than 3µm in length. 
During large cyclic crack advance it is often the case that 
fatigue striations are formed particularly under conditions of 
high tensile strain and during the final stages of fracture; 
slow crack growth in HDPE is usually related to rough fibrous 
regions on the fracture surface. The striations, it is 
proposed, normally form at the rate of one per cycle, however 
microstriations are -also_, shown 
to be present. They are not 
thought to be caused by a mechanism of crack arrest, rather the 
microstriations were consistent with their identification as 
lamellae, either exposed ends or fractured sections which lie 
parallel to the crack front. Hertzberg and Manson (151), 
however, consider that the 0.5}ßm wide bands found on fracture 
surfaces in their own studies may represent a cluster of several 
lamellae or different sections through such crystalline units. 
The lines referred to by White and Teh (191) which lie in the 
direction of crack propagation are determined, it is thought, by 
interepherulitic paths at slightly different levels. -; Similarly 
the generally undulating appearance of the fracturesurface. _when 
tracing paths in a radial direction from, the nucleating 
spherulite can also be related to the boundaries between the 
spherulites, though plastic deformation can mask such evidence.. 
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De Charentenary et al (192) carried out their fractographic and 
mechanistic analysis on HDPE's of various molecular weights and 
crystallinities. The specimens were notched prior to the 20-C 
testing, a, mx was maintained throughout- the test and no 
compressive stresses were applied to the samples; frequency was 
varied in the range .1 to 15Hz. It was found that the lower 
molecular weight samples of Mw = 45,000,70,000 and 72,000 
showed extensive microductility arising from micronecking and 
cracking of damaged regions (voids) in a continuous propagating 
mechanism, ie no striations. The discontinous propagating 
mechanism in the cracking of a high molecular weight sample 
(Mw--200,000) was shown by the presence of several crack arrest 
lines. In the area preceeding the crack arrest lines 
microstriations were observed. They suggest that microscopic 
growth calculated on the basis of one striation space for one 
cycle is much larger than macroscopic observation and it is 
proposed that a step-wise mechanism, with the formation of a 
crack in the process zone behind the crack tip gives a 
reasonable explanation of the fracture surface as shown in 
figure 2.16. 
This is somewhat different to the mechanisms proposed by Mcfivily 
et al (181) for LDPE, who describe a crack tip blunting model 
for fatigue striation formation. Figure 2.17 shows that during 
the stress-off period of the fatigue cycle, elastic contraction 
of the plastic zone ahead of the crack tip imposes a residual 
compressive stress on the tip. This resharpens the cracks, 
reduces the material ductility ahead of the crack front and 
produces a fracture surface of alternating troughs and flat 
regions, where the two surface are mirror images. 
Cowley and Vylde (106) carried out a fatigue study of HDPE -pipe 
systems at elevated temperatures (43-70°C) and at a constant 
frequency of 4cpm with square waveform. They separate their 
study of fatigue fracture surface into discussions relating to 
crack intiation and crack propagation. They indicate that 
environmental and/or microstructural effects do not have the 
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r--`ýýs 
most significant effect on the initiation of cracks. They 
observed failures at pipe/pipe welds, made at the recommended 
welding temperatures, in a water and methanol environment and 
suggest that the factors causing failure must operate in the 
absence of environment. They go on to say that failures in 
pipes were also observed well away from the heat affected zones 
near butt-welds, where there has been signifcant microstructural 
change, but which is not considered as a prerequisite for crack 
initiation. In general it appeared that failures occurred from 
either voids within pipe walls or at pipe/pipe welds where 
defects caused by wall misalignment and weld mismatch could be 
seen. 
In a second series of tests in pipe/fittings welds, failures 
initiated at weld bead discontinuities produced by the effect of 
internal weld lines in injection moulded fittings. The weld 
defects act as stress raisers and during cyclic loading cracks 
are initiated at such points. The application of scanning 
electron microscopy confirmed that whatever the mode of crack 
initiation, the crack growth took the same form in these pipe 
systems. All surfaces revealed a banded structure which were 
concentric and allowed the nucleation site to be located. The 
general structure of the failure surface consisted of light 
areas with a high degree of fibrillation. 
The mechanism used by Cowley and Wylde to explain these fracture 
surfaces is similar to that proposed by McEvily et al (181). A 
reduction of ductility ahead of the crack tip during the crack- 
arrest of the stress-off part of the cycle is assumed and when 
the stress is applied again the crack propagates through the now 
less ductile zone and then into the more ductile normal-material 
producing dark and light bands. Evidence for this effect . 
is 
also drawn from the fact that the two fracture surfaces, for each 
failure are indeed mirror images of each other. 
Barker et al (109) investigated fatigue,, and :. stress-rupture 
response of three different grades of PE in, the form of 
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one large (160mm) and three small diameter pipe systems <60/63mm 
labelled as PE1, PE2 and PE3) at a temperature of (79±. 5°C). 
Fracture surface studies were carried out using reflected light 
microscopy to examine the macrofeatures and scanning electron 
microscopy to examine the microfeatures. The latter technique 
was mainly used to characterise the shape and size of fracture 
initiating particle and to determine their elemental composition 
using the EDX facility available on SEM. For two of the pipe 
grade polyethylenes (PE1 and PE3) in small diameter pipe 
systems, no beach markings were visible. However, for PE2 beach 
markings (discontinuous crack growth band) were revealed; it is 
interesting to note that these were also observed for the pipe 
failure obtained under stress-rupture condition. 
In PE1 pipes, Barker et al (109) found that over 95% of failures 
initiated from particles of whose size was predominantly below 
700µm. Elemental analysis of the particles showed 527. initiated 
from particles where no elements could be detected, 16% from 
calcium rich and the remainder from iron or titanium based 
particles. In the large diameter pipe (160mm) fracture 
initiated mainly from macro-voids in the pipe wall. 
2.4.0 Stress Rupture Behaviour Of NDPB/HDPB Pipe 
2.4.1 Stress Rupture Data and Failure Kodes 
The behaviour of polyethylene pipe subjected to a static 
internal pressure (creep loading) is characterised by a family 
of stress rupture curves. There is general agreement in Europe 
that the stress rupture curves for both MDPE and HDPE pipe have 
the general form shown in figure 1.1, where for each curve there 
are two distinct regions separated by a "knee". Above the knee 
the material deforms in a gross ductile manner with significant 
local straining of the material prior to failure, whereas below 
the knee a brittle crack propagates through the pipe wall with 
little or no evidence of ductility, and strains of usually less 
than 3% (84,150). At longer times and lower stresses, the mode 
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of failure of HDPE and MDPE pipe is by the propagation of a 
brittle crack through the wall of the pipe. Experience has 
shown that such cracks nucleate on the inside wall of a pipe and 
propagate through to the outside (84). In general this effect 
would be expected considering hoop stresses are greatest on the 
inside wall of a pipe. It may be necessary, however, to modify 
this reasoning if the pipe materials are not completely free of 
inhomogeneities (which inevitably they are not). Cracks may 
then initiate at positions lying away from the inside surface 
where local stresses may be greater due to the presence of 
inclusions or voids or other nucleation sites. When pipes do 
fail by the propagation of a brittle crack, the fracture lies 
parallel with the pipe extrusion direction forming in response 
to the largest stress in the hoop or circumferential direction 
(106). 
The processing effects and the geometry of pipes make it 
necessary to determine the stress rupture behaviour on the pipe 
itself. It is not really valid to rely entirely upon uniaxial 
tensile creep tests. 
2.4.2 Prediction Of Stress Rupture Lifetimes 
In the main, two different approaches to calculate the lifetimes 
of plastics pipes subject to static loads or stress have been 
proposed, one based upon the application of fracture mechanics 
(25,26) to slow stable growth, the other from the theory of 
activated rate processes developed by Gyring et al (10) and 
applied to thermoplastics pipes by Barton and Cherry (12,13), 
Bragaw (14,15), Palermo (16), Geffroy and DeBlice (17) and Szpak 
and Rice (18). The fracture mechanics approach will be dealt 
with first. 
Gray, Mallinson and Price (26) applied fracture mechanics to the 
case of slow stable crack growth in HDPE material and found that 
the rate of crack growth da/dt could be given by 
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dL = BKc° (2.35) 
dt 
where B and b are material constants and K, is the stress 
intensification at the tip of the growing crack. and is given by 
Kc = Ya na (2.36) 
where Y is a geometrical correction factor 
a is the crack length 
o, is the applied stress 
It was assumed that the PB pipes failed from the inside surface 
by the propagation of a brittle crack of initial defect size ao. 
The crack was also considered to propagate from the defect 
immediately upon application of a load. With the factors Y, a 
and temperature remaining constant (25,26) K, can be substituted 
in the crack growth rate expression and integrating between the 
limits of ao and t (the pipe wall thickness). the lifetime, TsR 
of the pipe under static internal pressure can be expressed as 
Ts" = ýý aoc -birma - (2.37) 
b-2 B 
If the size of the defect changes such that Y varies 
significantly then the change in Y should be allowed for during 
integration. 
If t»ao and b is greater than 2, the above equation simplifies 
to 
,r sm =C2 (Yo' ýr)-b]ao<i-birma 
[(b-2) B] ., 
(2.38) 
where the terms in square brackets are constant for testing at 
both a given fixed temperature and pipe hoop stress. Assuming 
that equation (2.36) is obeyed by the material, the lifetime of 
the pipe is then depe'ent upon the initial defect size. It also 
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implies that the initial crack growth dominates the lifetime 
since smaller cracks grow more slowly than larger ones. 
As an example, for an unnotched HDPE pipe material (006-60), 
Price et al (25.26) demonstrated that lifetimes could be 
predicted using the above approach if defect sizes between 10 
and 100µm were assumed. This material obeyed the 'crack growth 
rate law. 
The same method was applied to another pipe material Rigidex 
MDPE 002-40 which is much tougher than conventional HDPE, but 
since it failed to obey equation (2.35), that is the crack 
propagation rate was not a straightforward function of stress 
intensity at the crack tip, then the equation used for 
predicting lifetimes became invalid. 
It should be stressed that the model of creep crack propagation 
in HDPE pipes under constant internal pressure proposed by Price 
et al (25,26) does not allow any period spent initiating cracks. 
The theory assumes that for a particular value of the critical 
stress intensity factor there is a corresponding crack speed. 
However, Bragaw (27> has reported on work with MDPE pipe system 
and shown there is a significant incubation time for a crack to 
start growing in a slow, stable manner. He therefore casts 
doubt on the validity of the use of fracture mechanics concepts 
to determine the failure performance of such ductile materials. 
Price and Gray (25> answer this by insisting that although no 
incubation process has been included in their treatment, such an 
approach does describe the lower bound case of immediate stable 
crack growth. Also their experimental results agree with 
predicted values for HDPE pipes, which can be considered as 
having an insignificant period of crack initiation, that is, the 
cracks or defects are probably present prior to testing. 
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Activated rate processes have been used (12) to describe the 
rate at which activated complexes pass over an energy barrier 
and assuming a local critical failure strain the time to 
fracture under loading can be described by 
t=Z exp[ H-ß°'eZ] 
kT [ kT 
which leads to 
(2.39) 
a= 2k1. C inN -i kT +L- 2k1 lnt (2.40) 
J3 Ch kT] 13 
where N is a constant 
ff is the applied stress 
H and ß are the activation energy and activation volume of 
the process leading to either ductile or brittle failure. 
h and k are Planck's and Boltzmann's constants 
respectively 
T is the absolute temperature. 
Equaton (2.40) implies a linear stress - logarithm time to 
failure relationship with a slope of 2kT/A or in other terms the 
equation can be written as: 
4Y = A, - B, T 1nt (2.41) 
sometimes referred to as the "Russian" method for the prediction 
of stress rupture performance. 
Barton and Cherry (12,13) obtained stress rupture data for 
Hostalen GM5010 pipes and plotted the results in this linear 
stress - logarithm lifetime fashion. Reasonable curves at 
testing temperatures of 40,60 and 80°C were constructed from 
the data using the activated rate process theory. However, 
evidence (12,13) suggests that for HDPE the activation volume t3 
is not constant and will increase with temperature., Kubat et al 
(202) produced results indicating that A also varies with 
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stress. These effects are contradictory to the proposals by 
Barton and Cherry (12,13) since in order that they were able to 
produce curves to fit the pipe data more closely, a temperature 
dependent activation volume was required. In fact for GM 5010 
HDPE pipes the value of ß more than doubled as the 'test 
temperature increased from 20°C to 80°C. 
In spite of these difficulties Barton and Cherry (13) formulated 
a general equation describing the brittle rupture time at any 
temperature for HDPE GM 5010 pipes, which is based on a 
knowledge of the temperature variation of the activation volume 
and other terms in the rate process equation, and is expressed 
as 
or = 7.10x1016T--4"130(1.12x10°T-' - 13.5 - lnt) (2.42) 
which at 20°C becomes 
(r = 201 - 175 lnt (2.43) 
2.4.3 Fractography and Failure Mechanisms 
In non-orieted thermoplastics such as HDPE and MDPE the failure 
mechanism under static loads is dominated by the development of 
creep cracks (180). The failure mechanis. m. can be divided into 
three growth periods: - 
<i) Homogeneous deformation which induces a crack to form 
<ii) A period of slow stable crack growth 
<iii) A period of unstable crack growth 
Generally, this formation and growth of creep cracks can be. 
examined from the resultant fracture surfaces which can exhibit 
a number of features. Although not always the case, cracks 
are often observed to initiate at defects within the material. 
A stable crack growth follows which is considered to be 
thermally activated (150). The supposed constant conditions 
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during this period cause a circular or elliptical smooth 
fracture surface to form which can extend across the thickness 
of the material, depending upon the applied stress.. Higher 
magnifications reveal that for HDPE a cellular, locally highly 
drawn surface has formed in the mirror zone. Gaube (184) and 
their co-workers have found, with natural PE pipes, that the 
period taken to initiate a crack could account for 90% of the 
lifetime of the pipe. 
From the fractographic analysis of surfaces of MDPE pipes, 
slowly spreading cracks and ring like traces of the crack front 
can be seen under low power light microscopy (203). Here a 
creep crack surface distinctly shows elliptical rings, the 
centre of which lies at the nucleation site. The crack had 
apparently propagated slowly, the surface being uniformly 
covered with drawn fibrils. -- High local ductile drawing occurs 
at or ahead of the crack tip, which Bragaw (203) suggests 
results from a craze preceeding the crack. 
It is also indicated that the fatigue cracks in HDPE pipes 
reported by Cowley and Vylde (106) are due to creep type failure 
which is evident from the surface being covered with drawn 
fibrils, upon which, however, are superposed gross rings of a 
very different nature from sustained load markings. Bragaw 
(203) suggests that these rings are caused by a discontinuous 
crack growth. 
Hannon (204) reports on the mechanism of crack growth in a 
variety of HDPE samples under constant stress in a water 
environment. His findings are that the fracture surface of an 
HDPE copolymer produced in a water environment at 601121C shows a 
macroscopically brittle mode of failure, the crack being 
preceeded by a void nucleation and growth process with 
considerable ductile deformation between the voids which results 
in the formation of fibrils. 
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To summarise, the brittle fracture of HDPB in a water 
environment at elevated temperature <=60°C), under plane strain 
conditions, at stresses well below the yield stress, proceeds by 
a mechanism of hole nucleation, hole growth and finally followed 
by the plastic deformation (yielding) of the molecules 
surrouding the voids. 
sý. 
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CHAPTER 3" - 3ý%FBRINEITAL 
3.0.0 laterials 
Fatigue tests were undertaken on three different commercial 
grades of polyethylene supplied by two manufacturers. The list 
of the commercial grades of polyethylene pipes together with 
pipe sizes and total pipe lengths used in the test programme is 
given in table 3.1. 
Preliminary investigations into the feasibility of the project 
on the fatigue strength of misaligned butt welds were carried 
out using black HDPE pipe of standard dimension ratio (SDR) 11 
and nominal outside diameter of 63mm. The black pipe was 
manufactured using BP Chemicals Limited Rigidex 002-60 grade of 
HDPE resin. The total pipe length of Rigidex 002-60 used in the 
study was 40 meters. Note that this grade of material was 
withdrawn by BP Chemicals Limited in mid 1983 and is no longer 
available. The majority of the work described in this thesis 
was executed on blue pipe of SDR 11 in three different nominal 
outside diameters of 63,90 and 125mm. The blue pipe, as 
employed in the water distribution, was manufactured by Stewarts 
and Lloyds using BP Chemicals Limited Rigidex 002-50 grade of 
MDPE resin. The total length of each of the pipe sizes used for 
the fatigue testing programme was as follows: 116 meters of 
63mm, 84 meters of 90mm and 32 meters of 125mm. The total 
length of pipe used in the stress-rupture testing was 28 meters 
of 63mm and 13 meters each of 90mm and. 125mm. 
A limited fatigue study was performed on the DuPont Blue Aldyl 
322 grade of MDPB of SDR 11 and outside diameter of 63mm. The 
total pipe length of this grade of pipe used in the study was 12 
meters. 
Table 3.2 gives the relevant physical properties of the main 
materials (Rigidex 002-50) as published in manufacture's 
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Table 3.1 Polyethylene grades used in the testing progranne. 
Polyethylene Grade Pipe Diameter, 
mm 
Pipe Length Used, 
Meters 
Rigidex 002-60 HDPE 63 40 
Rigidex 002-50 MDPE 63 144 
Rigidex 002-50 MDPE 90 97 
Rigidex 002-50 MDPE 125 45 
DuPont Aldyl 322 MDPE 63 12 
Table 3.2 Typical properties of Rigides PC 002-50 1[DPE compound (after ref. 3). 
Property Test Method P0002-50 @ Unit 
Density BS3412(1976)AB2B3 950 kg/m3 
IS01872(Annex B) 
Melt Flow Index BS3412(1976)-2.16kg load 0.2 g/10min 
IS01872-2.16kg load 
Tensile stress at BS2782(1976)Xethod320A 19.0 MPa 
yield IS0R527: 1966(Type2speedD) 
Elongation at break BS2? 82(1976)Method320A 750 % 
IS0R527: 1966(Type2speedD) 
Flexural modulus BS2782: 1976Method335A 700 MPa 
IS0178 
Hardness IS0R868(TypeD) 65 - 
Vicat softening BS2782(1976)Method120A 116 °C 
temperature IS0306A50 
Brittleness IS0974 <-70 °C 
temperature 
Linear thermal Average value over 1.5x10-4 V/m°C 
expansion temperature range20-Cto6-C. 
Thermal stability Oxidation induction 260 °C 
temperature, ASTXD3350 
Oxidation induction time >30 min 
Isothermal in 02 at 200°C 
Table 3.3 Measured density and melt flow index of polyethylene grades. 
Manufacture's value are given in the bracket. 
PE Grade Rigidex 
002-60 
Rigidex 002-50 DuPont 
322A 
Pipe Diameter, mm 63 63 90 125 63 
Density(mid-wa1l), kgm m 957.8 942.9 945.5 945.1 938.4 
(960.0) (950.0) (950.0) (950.0) (940.0) 
MR, g/lOmin. (2.16kg load) . 182 . 203 1: 208 . 197 . 576 (. 200) (. 200) (. 200) (. 200) (. 600) 
MIFj 
ml 
II 
L=-1 
I 
Il 
L. 1 L-J CC 
1I 
II 
I 
13- 20mm 
Fig. 3.1 Sample location site for the density, DSC, DTA and IR analysis of 
the untested and tested butt welded specimen at 19°C. 
literature. All three resins were thermoplastic non-crosslinked 
MDPEs which are most easily characterised by a density and melt 
flow index (MFI). The density and MFI of these materials were 
determined and in all cases found to be within the manufacturers 
specification; the results are given in table 3.3. 
3.1.0 Materials Characterisation 
Materials characterisation techniques, in particular Density 
Gradient Column analysis, Differential Scanning Calorimetry, 
Differential Thermal Analysis and Gel Permeation Chromatography 
were applied to determine basic materials properties namely 
density, peak melting temperature and crystallinity, oxidation- 
induction time and number and weight average molecular weight 
respectively. Infrared Spectroscopy was also used to detect the 
presence of any carbonyl peak. All the above mentioned 
techniques were employed for a limited study into the physical 
and chemical ageing of the pipe material in order to identify 
the effect of elevated temperature testing (79°C) on the 
structure and hence the influence on the fatigue and stress- 
rupture performance of butt fusion welds in MDPE pipes at 79°C. 
Before considering the principle of measurement and application 
of each of the techniques, the sampling procedure adopted for 
the ageing study is given. 
3.1.1 Sampling Procedure 
Two series of tests were undertaken in the ageing study on butt 
fusion welds in 63mm SDR 11 Rigidex 002-50-MDPE pipes. In one 
case the samples for characterisation analysis were obtained 
from a butt fusion welded test specimen (see section 3.3.2, 
figure 3.10(a)) which had been subjected to either internal 
fluctuating or constant pressure for about 200,1000, _2000-and 
8000 hours of testing at 79°C in a water environment. In the 
other case the samples were obtained from a: butt fusion, welded 
specimen similar to that, shown in figure 3.10(a)which was, not 
subjected to any external stress and it is referred, to, as, the 
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control or untested samples. In the control sample cases, the 
butt fusion welded specimen was filled with water and simply 
left in the water tank at 79°C for the ageing time of 200,1000, 
2000, and 8000 hours. The density, DSC, DTA, and IR of the 
tested and untested butt fusion welded specimens at 79°C for the 
various ageing times were measured on samples located at the 
surface, mid-wall and bore region of the butt weld and 15-20mm 
away from it as shown in figure 3.1. GPC measurements were 
carried out on samples located away from the butt weld. 
3.1.2 Melt Flow Index 
Principle and Instrumentation Melt flow index, MFI is the 
popular test employed to measure gravimetric flow rate of 
polymer melt extruded from a die of specific length and diameter 
under prescribed conditions of temperature and pressure. The 
apparatus consists of a simple piston-type capillary rheometer 
operating at low shear rates with accurate temperature control 
maintained thermostatically in order to obtain consistent and 
reproducible results. The weight extruded in 10 minutes under a 
standard load and temperature is defined as MFI. 
Application Five to eight batches of random samples in the form 
of small rectangliods of dimensions in the range 2x2x2 to 
3x3x3mm were cut from the through pipe thickness of each of the 
pipe sizes and pipe grades. MFI was determined in accordance 
with ASTM D1238 procedure (condition E) using a Davenport Melt 
Indexer Model 3/80 to verify the value quoted by the 
manufactures and assess the quality of the material. 
3.1.3 Gel Permeation Chromatography 
Principle and Instrumentation Gel permeation chromatography, 
GPC, is a rapid, efficient and reliable method of determining 
molar mass distribution compared to conventional fractionation 
techniques. The principle behind GPC is very simple. A polymer 
solution is injected into the column packed with porous gel 
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beads; as the dissolved polymer molecules flow past the porous 
beads, they can diffuse into the pore structure of the gel to an 
extent depending on their size and the pore-size distribution of 
the gel. Larger molecules can enter only a small fraction of 
the internal portion of the gel, or are completely excluded and 
so remain in the solvent going around the beads; smaller polymer 
molecules penetrate a large fraction of the interior of the gel, 
so their flow through the column is retarded. In this way, the 
larger the molecule the less time it spends inside the gel, and 
the sooner it flows through the column. The different molecular 
species are eluted from the column in the order of their size 
(molecular) as distinguished from their molecular weight, the 
larger emerging first and the molar mass distribution becomes 
spread out. Analysis of the solution leaving the column 
(measure of refractive index) therefore allows the complete 
distribution of molar mass to be determined. Full details of 
the GPC are discussed by Kirkland (132). 
Application Since the Gel permeation chromatography was not 
available at Brunel University, the determination of the number 
and weight average molecular weight of the aged samples was 
carried out by the Rubber and Plastics Research Association, 
RAPRA, using a Waters Associates ALC/GPC - 501/502 equipment. 
At least two to three determinations were carried out on each of 
the untested and tested butt fusion welded pipe of various 
ageing/testing times. 
Gel permeation chromatography was used under the following 
operating conditions: - 
Column - P. L. gel having pore size of 1x106A, 1x104A, 
1x500A 
Flow Rate - 1.0 ml/minute 
Solvent - 1,2 dichlorobenzene stablised with 2,6di-tert- 
butyl-p-cresol 
Temperature - 140°C 
Calibration - Derived from polystyrene standards. 
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3.1.4 Density Gradient Column 
Principle and Instrumentation Density gradient column technique 
is the most frequently employed and rapid means of determining 
the densities of plastics accurately. The basic principle of 
the technique depends upon the hydrostatic equilibrium between a 
solid specimen and a liquid of identical density. The apparatus 
consists of a column which contains a mixture of two liquids 
whose densities differ. The density of the liquid in the column 
varies in a linear scale from the top to bottom of the column. 
The entire tube is surrounded by a constant temperature water 
jacket which is kept at 23°C. 
When a specimen is put into the column, it descends to a point 
where its density matches that of the solution. The column is 
calibrated using glass spheres of a known density which are 
noted in the column, the positon of the specimen is recorded and 
compared with the standard linear plot of density of floats 
against the float height. 
Application The density of the samples obtained from the 
location site shown in figure 3.1 of the tested and untested 
butt fusion welded pipes aged for various times was determined. 
The samples had no surface roughness so as to prevent bubble 
formation. No less than three individual determinations were 
made for each of the sample locations. 
The density gradient column was prepared in accordance with ASTM 
D1505 method B using an isopropanol-water density gradient 
column having density range of 928.8 to 959.2kgm O at 23°C. 
3.1.5 Differential Scanning Calorieetry 
Principle and Instrumentation Differential Scanning 
Calorimetry, DSC is one of the Thermal Analysis methods used to 
determine the energy change due to a phase transformation or 
transition in a polymer. DSC differs fundamentally from 
I 
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Differential Thermal Analysis, DTA in that the sample and 
reference are both maintained at the temperature predetermined 
by the programme even during a thermal event. The amount of 
energy which has to be supplied to or withdrawn from the sample 
to maintain zero temperature differential between the sample and 
the reference is the experimental parameter usually displayed as 
the ordinate of thermal analysis curve. 
The ordinate signal, the rate of energy evolution or absorption 
by the sample is proportional to specific heat of the sample 
since the specific heat at any temperature determines the amount 
of thermal energy necessary to change the sample temperature by 
a given amount. Any transition accompanied by a change in 
specific heat produces a discontinuity in the power signal and 
exothermic or endothermic changes give a peak whose area is 
proportional to the total enthalpy change. Figure 3.2(a) shows 
the experimental arrangement. 
Critical discussion on DSC instruments and- their, limitation to 
measurement of crystallinity are presented by Mandalkern et al 
(136,137), Hay (138), Stil (139) and Ghijsels and Vaals (140). 
Application DSC analysis was conducted on a Perkin Elmer DSC-2 
with thermal data station. A sample weight of approximately 5mg 
was used with the heating and cooling rate set at 10 K per 
minute. A sample size of five from each of the locations (see 
figure 3,1) was used and for each the peak melting temperature, 
the onset of melting and the heat of fusion were determined on 
the first heating run. 
The percentage crystallinity was calculated from 
7. crystallinity = DH. x 100 (3.1) 
where AHr was the enthalpy of fusion of the sample as obtained 
from DSC thermogram and A}e was. the enthalpy of fusion for a 
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Fig. 3.2(a) Perkin-Elmer Differential scanning calorimeter system. 
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100% crystalline linear PB. The value of AH was taken as 
293'kJ/kg-' (127,137). 
In all pipe materials examined pigment was present; the 
crystallinity values obtained are therefore underestimates as no 
attempt was made to determine the pigment content to provide for 
a more accurate crystallinity result. It was also assumed that 
the pigment dispersion was constant throughout the materials. 
The results must therefore be considered comparatively and are 
in no way absolute. 
3.1.6 Differential Thermal Analysis 
Prier ple . and 
Instrumentation Differential Thermal., Analysis, 
DTA, is used in the phase transformation and chemical reaction 
studies. The fundamental difference between DSC and DTA was as 
mentioned in the previous section. In DTA the sample and a 
reference material are separately heated in indentical 
environments. The reference material undergoes no thermal 
event in the temperature range under study, and therefore its 
temperature is the same as the programmed temperature throughout 
the heating, ie the temperature of the reference follows curve 
(ii) on figure 3.2(c). Hence, a plot of the difference between 
the sample and reference, temperature against the furnace 
temperature is equivalent to the type of plot shown in figure 
3.2(d), The instrument circuit diagram for DTA is shown in 
figure 3.2(b). 
Application A parallel study to the one conducted for DSC 
measurement of the samples located at site as shown in figure 
3.1 of tested and untested butt welds of various testing/ageing 
times was also carried out to determine the oxidation induction 
time, OIT which is an indicator of the thermal stability of the 
polymer. The thermal stability test of the pipe material was 
undertaken using DTA and followed closely to the test specified 
in the WAA specification 4-32-04. 
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Oxidation induction time determination-'was carried out at 
Stewarts and Lloyds on their purpose built DTA for the oxidative 
stability of a polymer. Thin samples of. -dimensions 3x2xlmm 
weighing 2-5mg were heated to 200-C in a nitrogen atmosphere. to 
obtain the baseline. The atmosphere was then switched to pure 
oxygen supplied at a rate of 20m1 per minute and the onset time 
of the main exotherm was measured by the base line extrapolation 
method. Three individual determinations were made on the 
samples taken from each of the locations as shown in figure 3.1. 
It was assumed that the stabiliser was dispersed uniformly in 
the pipe material and the oxidation induction time results were 
considered to be comparative and are in no way absolute. 
For any particular stabiliser, its effectiveness is dependent 
on its concentration in the polymer. However, the concentration 
of stabiliser in polymer decreases during long-term use. 
Because stability under which oxidation induction time is 
determined is a function of antioxidant, induction times can be 
used to estimate concentration of this component (34). Thermal 
analysis is regarded as an acceptable monitoring procedure for 
relative antioxidant content but is not itself an accelerated 
exposure test (208) and stability decreases caused by processing 
condition have been pinpointed by this procedure (209). 
3.1.7 Infrared Spectroscopy 
Principle and Instrumentation Infrared, IR, spectroscopy is 
used to investigate quantised molecular transition that absorb 
electromagnatic energy selectively from a broadband infrared 
source (194). Thus, it requires the spectral analysis of 
infrared energy transmitted through the sample. The spectral 
analysis is undertaken with a prism or grating monochrometer. 
The resulting signals are detected, amplified and recorded. 
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A molecule will absorb infrared radiation if it vibrates in such 
a way that its electric dipole moment changes during vibration. 
As a molecule vibrates, its charge distribution with respect to 
that origin may or may not change, depending upon the structure 
of the molecules. Thus not all vibrations of a particular 
molecular structure will' necessarily absorb infrared radiation, 
but only those vibrations that cause the electric dipole moment 
to change. 
Bascially, the infrared spectrum helps to reveal the structure 
of a compound by telling us what groups are present in - or 
absent from - the molecule. A particular group of atoms gives 
rise to characteristic absorption bands; that is to say, a 
particular group absorbs light of certain frequencies that are 
much the same from compound to compound. For example the 
hydroxyl, OH group of alcohols absorbs strongly at 3200 to 
3600cm-1; the carbonyl, C=O group in general around at 1700cm ' 
the alkyl, CH3 group at 1450 and 1375cm '. However, 
interpretation of an infrared spectrum is not a simple matter. 
Bands may be obscured by the overlapping of other bands. 
Zaitsew et al (53,54) have used IR spectroscopy to examine the 
thermal degradation produced as a result of welding pipe face at 
280°C for three minutes; the carbonyl peak, C=O in the IR 
spectrum was observed. Gedde et al (127-130) have identified 
C=O for the 0.1-0.2mm layer removed from the inner surface of 
thermally oxidised large outside diameter HDPE pipe. 
Application Infrared spectroscopy was conducted on thin 
sections, (less than 4). Lm in thickness) microtomed from the butt 
weld in order to identify if any thermal oxidation was occurring 
at the butt weld of the untested butt welded samples and 
tested/aged butt welded samples. 
A double beam, Perkin Elemer 577 Grating Infrared 
Spectrophotometer was employed for the analysis. A scan rate of 
6 minute was used. 
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3.2.0 Butt Fusion Welding 
3.2.1 Equipment 
With the exception of DuPont's Blue Aldyl 322 pipe which needs 
to be welded on a Fusion Equipment BF2 Machine, all the other 
pipes (Rigidex 002-60 HDPE and Rigidex 002-50 MDPE) were butt 
welded on a Mark II butt welding machine manufactured by Haxey 
Engineering Limited see figure 3.3. The Haxey Butt Welding 
Machine uses compressed air for moving the shells/clamps, 
whereas Fusion Equipment BF2 machine uses hydraulics. 
Pipes having outside diameters of 63,90,125 and 180mm could be 
butt welded on the Haxey Butt Welding Machine with the apt 
inserts or re-round clamps for the given outside diameter. It 
has four inserts; two of which are held in the one side of the 
machine which moves along the tie bars while the other two are 
fixed. A fluid operated ram system activates the moveable half 
of the pipe clamps, the direction of which can be chosen by a 
two-way selector switch. The rams are pressurised using a 
compressed air system to the inlet port. This enables component 
faces to be brought together or separated as required. The 
pressure gauge on the machine was calibrated by the use of an 
Instron load cell mounted horizontally in the welding machine, 
thus allowing an accurate determination of the forces on the 
pipe ends during welding; the calibration plot is given in 
figure 3.4. 
The hot-plate provided with the Haxey Butt Welding machine was 
thermostatically controlled. It had a power rating of 1250 
Watts and was covered on both faces with PTFE impregnated glass 
cloth which prevents the molten material adhering to the hot- 
plate and thus prevents damaging the plasticised surfaces. The 
temperature of the hot-plate was checked using a Digitron 
contact digital thermometer. Once the temperature had been set 
(205°C), it did not vary appreciably with time. 
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Fig. 3.3 Haxey Mk U Butt Welding Machine. 
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Fig. 3.4 Calibration of pressure gauge on Haxey KK II Butt Welding Machine. 
Modification Of Inserts For Axially Misaligned Butt Weld Study 
Special sets of inserts were manufactured for the Haxey Butt 
Welding Machine to produce "controlled" axial misalignment of 
the butt welds, the definition of nominal axial fractional 
misalignment is given in figure 3.5. Inserts employed to create 
misaligned butt welds had their centres off set axially as shown 
in figure 3.6. Table 3.4 gives the nominal axial offset value 
for inserts for the three pipe sizes, 63,90 and 125mm. Inserts 
having their centres offset axially were manufactured to give 
nominal axial fractional misalignment of . 09, . 17, . 34 and . 44 
of the nominal wall thickness for SDR11,63,90 and 125mm pipe 
systems. 
3.2.2 Procedure 
Butt fusion welded samples were produced in batches of 20-25 
samples at a time for each of the axial misalignments under a 
constant welding condition for the- fatigue and stress-rupture 
test programmes. The welding conditions adopted were those 
recommmeded by the manufactures of the Butt Fusion Welding 
Machines and pipe manufactures. All steps during the welding 
process and the specific conditions are tabulated for the 
Rigidex 002-60 HDPE and Rigidex 002-50 24DPB and three pipe sizes 
in table 3.5(a) and for DuPont Blue Aldyl 322 MDPE in table 
3.5(b). Table 3.6 gives the range of welding conditions which 
were used for the limited investigation into the influences of 
welding conditions on fatigue performance of aligned butt welds. 
In general butt fusion welding is a three step-process; weld 
bead formation, heat soak and weld formation. The welding cycle 
is shown schematically in figure 2.4 in terms of pressure 
against time. 
In all the cases the two pipes to be butt welded were obtained 
from one continuous pipe length and placed into the clamps with 
the permanent pipe markings aligned. This was carried out to 
minimise undue mismatch due to variation in outside diameter, 
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Fig. 3.5 Definition of fractional misalignment. 
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Fig. 3.6 Axial offset of the insert for Haxey $K II Butt Velding Machine. 
Diagram showing the top segment of the misaligned insert set. 
Table 3.4 Axial Offset values of various inserts for the Haxey Butt Welding 
Xachine. 
Axial Offset of Inserts, mm 
Pipe Diameter, mm Nominal Fractional Misalignment 
. 09 . 17 . 35 . 44 
63 
90 
125 
0.5 
0.7 
110 
1.0 
1.4 
2.0 
2.0 
- 
- 
2.5 
3.6 
5.0 
Table 3.5(a) The welding conditions used to butt weld Rigidex 002-60, ®PB 
and Rigidex 002-50, !. DPE pipe on Haley Butt Welding Machine. Pressures given 
in the table are those read from the pressure gauge on the-machine. 
Velding Parameter Pipe Diameter, mm 
63 90 125 
Heater Plate Temperature, °C 205±5 205±5 205±5 
Initial Heating Pressure, Bar 0.2 for 0.4 for 0.8 for 
33 secs. 35 secs. 40 secs. 
Heat Soak Time, secs. 63±2 75±1 110±1 
Heater Removal Time, secs. 6±1 6±1 6±1 
Velding Pressure, Bar 0.4 0.8 1.6 
Welding Time, secs. 300 300 600 
Table 3.5(b) The welding conditons for DuPont's Blue Aldyl 322A on the 
Fusion Equipment Limited BF2 ffichine. 
Welding Parameter 
Heater Plate Temperature, °C 205 
Initial Heating Pressure, Bar 20+Drag 
Heat Soak Time, secs. 15 
Velding Pressure, Bar 20+Drag 
Velding Time, secs. 180-300 
Table 3.6 Independent effect of three welding variables which were examined. 
Welding Parameter 
Heat Soak Time, secs. 30,180 
Heat Removal Time 2xstandard, 3xstandard 
Velding Pressure 0.5xstandard, 2xstandard 
wall thickness and ovality. Despite the care taken to ensure to 
reduce unwanted misalignment some misalignment was present in 
nominally' aligned butt welds and variations frort-the nominril 
v&lue in "controlled" misaligned-butt welds were, found. Table 
3. &-gives the variation in misalignment from nominal values as 
measured according to method described in next section. 
3.2.3 Xisalignment Measurement 
The axial misalignment, of the butt weld was measured in order 
to determine the variation on the nominal "controlled value". 
The principle of how to determine the axial misalignment is 
schematically illustrated in figure 3.7 and figure 3.8 shows the 
apparatus used to determine the axial misalignment. 
The measurement was carried out using an engineering surface 
plate, 'V' - blacks, cylindrical weights and a dial gauge having 
an accuracy of 0.01mm. The dial gauge was zeroed at a reference 
point and readings were taken 5mm from the weld bead on both 
sides of the butt weld, and at 10mm away from centre of the butt 
weld. The difference in the readings taken at 5mm from the weld 
bead was used to define the actual axial misalignment. Readings 
wqpre also taken at a distance of 20mm from the centre of the 
butt weld and thereafter at an interval of 10mm up to 70mm on 
the both sides of the butt weld along a straight line. These 
readings were used to determine an extrapolated regression 
value. The latter method excludes the region next to the weld 
where shrinkage has occurred due to relaxation of residual 
stresses after the butt welding. Table 3.7 gives typical 
readings taken f or a butt weld having a nominal axial 
misalignment of 1.0mm and the table also shows how the actual 
and regression misalignments were determined. Generally, no 
difference was found in the actual and regression misalignment 
values. However, it was the measured actual misalignment values 
of the failed butt welds which were used in analysis in later 
chapter. 
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Table 3.7 Typical measurement readings for the determination of axial 
misalignment. (Nominal axial misalignment = 1mm) 
Distance From The Butt Weld, mm 
5 10 20 30 40 50 60 70 
Reading taken on RHS -. 2 -. 11 +. 01 +. 01 . 00 . 00 . 00 . 00 
of Butt Weld (ref) 
Reading taken on LHS +. 78 +. 89 +. 88 +. 78 +. 66 +. 53 +. 44 +. 35 
of Butt Weld 
Difference 1.07 1.00 . 87 . 77 . 66 . 53 . 44 . 35 
Actual/measured misalignment = 1.07mm 
Misalignment based on Regression Analysis 
of reading taken between 20 and 70mm away = 1.08mm 
from butt weld 
Correlation Coefficient = . 998 
Table 3.8 The mean, standard deviation and the range of the measured axially 
misaligned butt weld for a given batch (20 samples) of nominal misaligned butt 
welds in 63mm pipe. 
Measured Axial Misalignment, mm 
Nominal Axial 
Misalignment, mm Mean Minimum maximum 
0.0 0.09±. 06 0.01 0.24 
0.5 0.48±. 11 0.33 0.68 
1.0 0.89±. 18 0.63 1.17 
2.0 2.04±. 13 1.82 2.31 
2.5 2.42±. 16 2.07 2.65 
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Fig. 3.8 Apparatus used for the determination of axial misalignment. 
3.3.0 Internal Pressure Testing 
A laboratory was allocated and equiped for the purpose of 
internal pressure testing thermoplastics pipe systems with the 
following objectives in mind: - 
(i) To test thermoplastics pipe systems with a range of 
outside diameters from 63mm up to 125mm. 
(ii) To test as many pipe systems as possible at any time 
within the available space. 
(iii) To test the pipe systems under a wide range of pressures 
and temperatures. 
(iv) To enable a comparison of failure behaviour to be made for 
the pipe systems in two different modes of internal pressure 
testing, namely under constant pressure, that is stress rupture 
or -creep or static fatigue testing, and under fluctuating 
pressure, that is fatigue or dynamic fatigue or intermittent 
creep testing. 
These guidelines have led to to a flexible, reliable and 
comparatively inexpensive pressure testing facility. 
3.3.1 Equipment 
Descriptions of the equipment used for internal pressure testing 
of-the thermoplastics pipe systems is given below. 
(i> Testing Tank Four glass reinforced polyester tanks 
supplied by various manufactures were available for use. All 
the tanks were side insulated by 102mm thick polystyrene foam 
held by 6mm thick plywood. The tank bases were supported and 
also insulated by 13mm thick Tico-asphalate and the floor of the 
pipe room had rubberised anti-vibration pads on the concrete 
base. 
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Two small tanks had internal dimensions of 1.83x0.91x0.91 meters 
and two large tanks had internal dimensions of 1.83x0.91x1.22 
meters. The maximum number of pipe samples which could be 
placed in the tank for each of pipe size of 63,90 and 125mm was 
150,135 and 60 respectively. This was true for both the small 
and large tanks except that large tank could accommodate longer 
sample length (1.2m) compared to small tank (0.9m). The tanks 
were used continuously and contained ordinary tap water at a 
maximum temperature of 80°C. 
One small tank was allocated for the fatigue tests at 79°C. All 
the 63mm pipes were tested first followed by 90mm and finally 
by 125mm. The total number of fatigue test samples on test in 
the small tank varied depending on the pipe size and 
availability of fatigue stations, but the maximum was 40. 
Another small tank was allocated for fatigue testing at 69°C and 
at 59°C. This lower temperature work was carried out at a much 
later date in the test programme due to lack of availability of 
fatigue test stations. The total number of samples on test at 
69°C was 8 for 63mm and 6 for 90mm pipe system. 
One large tank was allocated for the stress-rupture testing at 
79°C of pipe sizes 63,90, and 125mm. The total number of 
samples which initially had to be maintained was 52. However 
this number was diminishing with time as samples failed. 
Note then the total number of test samples (fatigue and stress- 
rupture) which had to be maintained in the pipe testing 
laboratory was about 100. 
(ii) Heaters A total of eight heaters were available for 
heating the water. Six heaters were from Cornair Churchill and 
two of UTAC heaters. Three heaters were normally required on 
each- of the fatigue and stress-rupture testing tanks -for 
maintaining 79°C water bath. One heater- was used for 
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maintaining the 69°C water bath and one spare heater was always 
available for emergency purposes. 
Water in the tank was circulated by the pumping action of the 
heaters and the temperature of the water was monitored 
continuously using a digital thermometer. Checks on the thermal 
layering effect were made and it was found that the there was 
little variation (tO. 2°C) in temperature of the water with the 
location or depth. Temperature control on the heaters kept the 
set temperature to within t 0.5°C. Temperature variation of 
t 1°C is allowed by BS 4728 and t 2°C by ASTM D1598. 
Regular maintenance work on the heaters was of paramount 
important as scale accumulated either in the pump or the heater 
element with time such that pumping action and/or control of 
water temperature became inefficient. 
( The tap water in the Uxbridge area where all pressure tests 
were carried out was fairly hard, containing significant amounts 
of lime (calcium carbonate) which tended to coat the exposed 
surface of the pipe systems mainfesting itself as a fine whitefish 
film. A similar effect was observed on the fracture surface. ) 
(iii) Compressor Compressed air to the laboratory was supplied 
using a Atlas Copco Compressor. ' Figure-3.9 shows schematically 
the layout of the main supply line for compressed air and the 
seven branch/take off points available in the pipe testing, 
laboratory. The main supply line was maintained at maximum 
gauge pressure of 14 bar (200psi) which decayed to minimum gauge 
pressure of 10.5 bar (150psi). This minimum gauge pressüre'in 
supply line corresponded to the lower limit to activate the 
compressor automatically. The compressor switched itself off 
when pressure had climbed up to maximum of 14 bar. 
The time at which the maximum gauge pressure in the supply 
decayed to minimum gauge pressure depended on the demand of 
compressed air (on the number of outlets in use) and therefore 
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OR 
Fig 3.9 Lay-out of the in compressed air supply line and take off branch¬ 
and also the testing tanks in the pipe testing laboratory. 
G- Pressure Gauge, R- Air Regulator, A- Air Filter, T- Tap 
the number of -fatigue samples on test. . Since all these were in 
use the decay time was 20 minutes; consequently, the compressor 
was switching on three times per-hour. 
The decay of pressure in the main supply line resulted in 
apressure drop of 0.2bars for the test samples subjected to a 
maximum pressure of 9.5 bars. The pressure would thus drop to 
9.3 bar, this pressure would climb back to 9.5 as soon as the 
supply pressure reached 12 bar. No pressure drop was 
experienced by the test sample subjected to pressure of less 
than 9.0 bar. (Pressure variation of f2% is allowed by BS 4728 
and only f1% by ASTI( D1598-76. ) 
3.3.2 Test Samples 
The test specimens had one central.. butt -weld which was 3 to 5 
outside diameters away from the end - caps-- depending on the pipe 
size and in no case was the butt weld less than 250mm away from 
the end cap. The dimensions of the test samples conform to VAA 
specification 4-32-04 and well within the BS 4728 and ASTM 
D1598. Figure 3.10(a) shows schematically a typical test 
specimen. 
Of the various types of end closures available for the pipe 
system, the plastic (PB) and caps were preferred because the 
number of test sample to be tested at any one time was large 
(0100) and the range of pipe sizes examined was wide. PB end 
caps were welded onto the pipe ends using a socket fusion tool. 
The only disadvantage of using PI end caps was that at times 
they failed earlier than the test weld thus interrupting the 
test and also creating unnecessary extra work in removing-the 
failed end cap and replacing it with the new one. Figure 
3.10(b) shows a detailed view of a top end cap which involved 
boring a 15.8mm (W') hole through the end cap and tightening a 
15.8(W') bulk head fittings before welding on the top end cap. 
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Fig. 3.10(a) Test specimen. (b) Detail - view of Top end Cap. 
BH = Bulk Head Fitting LFV=Lucas Fluid Washer E=Electrode 
The outside diameter and the wall thickness of each of the 
samples was measured at six different places in accordance with 
ASTM D2122. The local wall thickness near the failure site was 
also measured. The average minimum wall thickness Cie average 
of minimum wall thickness and the local wall thickness near the 
failure site ) and average outside diameter of the pipe was used 
for calculating the hoop and axial stresses in the pipe. 
The test samples were conditioned for 24 hours at the test 
temperature before commencing the fatigue or stress-rupture 
test. A sample size of four was used for each test pressure 
range except for the maximum test pressure range (9.5 bar) where 
a sample size of eight was used. The total number of butt 
welded samples tested in the programme are summarised below: 
Number of Butt Velded Samples 
Fatigue Testing Stress-Rupture Testing 
Material Pipe Outside Diameter Pipe Outside Diameter 
mm mm 
63 90 125 63 90 125 
Rigidex 002-60 34 -- 24 -- 
Rigides 002-50 130 85 22 31 20 20 
Blue Aldyl 322 12 ----- 
Total number of samples tested = 378 
3.3.3 Fatigue Testing 
The arrangement employed for fatigue testing the: pipe systems is 
shown in figure 3.11(a). Compressed air top loaded the water 
filled systems to provide the desired internal pressure which 
was made to cycle between zero gauge pressure and set maximum in 
the following manner. Compressed air from the regulator was 
supplied to a five-way solenoid valve. The five-way solenoid 
valve, controlled by an electronic timer, enabled compressed air 
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Fig. 3.11(a) Experimential arrangement for internal fatigue testing of pipes. 
to fluctuate between the two outlet ports from which compressed 
air was directed to the system to internally pressurise and 
depressurise the water filled pipe samples at a set frequency. 
, Compressed air was delivered to the samples via a normally open 
three way solenoid valve positioned between the five way valve 
and the samples under test. When a failure was detected by the 
failure detection system, the three way solenoid valve was 
actuated such that it would exhaust (depressurise) the sample 
and cut-off the supply from the five way-valve. At the same 
time it also stopped the timer on the failure detection unit. 
The details of how the failure detection units work are given in 
section 3.3.5. 
The maximum number of samples which could be fatigue tested on 
one five-way solenoid valve depended on the rate of 
pressurisation which itself was a function of the pipe size and 
frequency. The maximum number of samples on test on a five-way 
solenoid valve was eight for 63mm pipe systems, six for 90mm 
pipe systems and four for 125mm pipe systems. 
Variables: 
(1) Pressure Range For all the internal pressure fatigue 
tests, the internal pressure was cycled between zero gauge 
pressure and the set maximum pressure giving a stress ratio 
R(amin/0ma1x) of zero. Three different pressure ranges were 
applied in the test programme: 6.5,8.0 and 9.5 bar and these 
correspond to nominal hoop stress ranges of 3.29,4.05, and 
4.81MNm 2 for SDR11 pipe system. These stress ranges were 
selected to induce the brittle mode of failure. ' 
(ii) Frequency- Test frequency was kept constant throughout the 
fatigue testing programme at . 083Hz (5 cpm). 
This frequency was 
close to the decay frequency experiencd by water distribution 
system due to pressure surges. 
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(iii) pressure/Time Testing Profile - Wave Form Internal test 
pressures were monitored by means of glycerine filled pressure 
gauges placed'in the pressurising line and the pressure profile 
constructed from the measured time to reach the maximum 
pressure, tr and time to drop to the minimum pressure, td. 
The values of t, - and to were determined using a stopwatch 
accurate to .1 second; this was made possible because of the 
very low frequency employed in the test (5 cpm). Table 3.9(a) 
lists such average values together with variations in these 
values caused by the loss of water in the test samples which 
decreased the rate of pressurisation, whilst table 3.9(b) gives 
the rate of pressurisation and depressurisation based on t, and 
to values. In general, a trapezoidal type of wave form was 
applied. However, the wave from was not identical for each of 
the pipe sizes as apparent from t. - and td values in table 
3.9(a). Figure 3.12 shows schematically a series of pressure 
profiles as constructed form the knowledge of t,., to and applied 
frequency for different pressure -ranges and different pipe 
sizes. 
Note the loss of water in the samples was via water vapour 
during each depressurising part of the cycle and this effect was 
prominent for the test pressure range of 9.5 bar. The loss of 
water consequently decreased the rate of pressurisation. To 
minimise this effect and to maintain the rate of pressurisation 
more or less constant over its entire test specimen life, all 
the fatigue tests had to be interrupted in, order to top-up the 
samples with water every 24 hours. This problem was inherent 
due to the nature of fatigue test method employed..;.. 
(iv) Test Temperature The majority of the fatigue tests were 
carried out at 79t1°C. However, a limited test were 
'conducted 
at 69±1°C and 59±1°C. 
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Table 3.9(a) Measured time to reach the sexism pressure, t,, and time taken to 
fall to mininum pressure, td in seconds at three different pressure ranges at 
79°C and frequency of 5 cpm. 
Pressure Range, bar 
6.5 8.0 9.5 
Pipe Outside 
Diameter, mm tr td tr td tr td 
63 0.7±. 1 2.0±. 2 1.0±. 2 2.1±. 3 1.6±. 4 2.2±. 5 
90 1.1±. 1 2.3±. 2 1.4±. 3 2.6±. 4 1.9±. 7 3.1±1 
125 1.4±. 3 2.5±. 4 - - 2.5t. 7 3.2±. 9 
Table 3.9(b) Rate of pressurisation, $, and depressurisation, Rd at three 
different pressure ranges at 79°C and frequecy of 5 cpm derived from t, and td 
values. 
Pressurisation Rate, bars/sec. 
(corresponding Hoop stress rate XNnr2s-') 
Pressure Range, bar 
6.5 8.0 9.5 
Pipe Outside 
Diameter, ram tr td 
tr td tr td 
63 9.30 3.25 8.00 3.80 5.95 4.30 
(4.65) (1.65) (4.00) (1.90) (2.95) (2.15) 
90 5.91 2.83 5.70 3.10 5.00 3.07 
(2.95) (1.41) (2.85) (1.55) (2.50) (1.53) 
125 4.64 2.60 - - 3.80 2.97 
(2.32) (1.30) - - (1.90) (1.48) 
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Fig. 3.12(a) Schematic pressure profile based on measured time to reach the 
maximum pressure and time to reach the minimum pressure for 63mm pipe systems. 
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Fig. 3.12(c) Schematic pressure profile based on measured time to reach the 
maximum pressure and time to reach the minimum pressure for 125mm pipe 
systems. 
3.3.4 Stress Rupture Testing 
The arrangement utlilised for stress-ruture testing of the 
sample is shown in figure 3.11(b). It is much simpler than the 
fatigue testing and easy to maintain since the pressure is 
constant with time; thus there is no need for a five-way 
solenoid valve or the timer. 
Stress-rupture tests were carried out in accordance with ASTM 
D1598 by pressurising water filled systems with either 
compressed air or nitrogen. A normally open three-way solenoid 
valve was placed between the pressurising mechanism and the pipe 
systems which were immersed in the test tank filled with tap 
water at the desired temperature. The three-way solenoid valve 
was activated when a failure was detected; on activation it 
would depressurise the sample and cut-off the supply of 
compressed air from the regulator thus isolating the system. At 
the same time it would stop the timer on the Failure Detection 
Unit. 
Test Pressure and Test Temperature All the stress-rupture tests 
were conducted at one gauge pressure of 9.5 bar corresponding to 
a nominal hoop stress of 4.81MNm for SDR11 pipe systems and in 
a water bath at 79±1°C. 
3.3.5 Failure Detection System 
A schematic representation of the failure detection device is 
shown both in figure 3.11(a) and (b). "'The° principle of 
operation relies on the fact that a pipe test specimen is filled 
with an electrically conductive fluid, which in'this instance 
was tap water. with the -pipe system itself -being immersed in a 
bath of similar fluid. Electrodes were inserted internally and 
externally to the pipe system. The external electrode was 
connected to a positive bias voltage derived from the amplifier 
power supply, thus sustaining a potential between both 
electrodes. 
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Fig. 3.11(b) Experimential arrangement for stress-rupture testing of=pipes. 
When a crack propagates through the complete wall of the pipe 
system an electric current (of the order of microamps) can flow 
between the internal and external electrodes. This signal 
current turns on the amplifier which is-biased-off with a small 
negative voltage. (The sensitivity of the device can be altered 
by changing the negative bias voltage. ) When the output from the 
amplifier becomes positive, the current driver is turned on 
which then operates a relay. This relay was fitted with a 
sufficient number of contacts to operate whichever control or 
indicating devices were required for the pressure testing. The 
relay when activated because of failure, stopped a timer, 
isolated the failed system from the compressed air and vented 
any excess pressure remaining. Visually, failure was indicated 
by a red warning light on the appropriate control module. 
3.4.0 Failure Analysis 
All the butt welds and pipe failures were isolated. In the case 
of butt weld failures which had failed in the circumferential 
plane two types of examination were carried. out; crack 
propagation path studies and fracture surface examination. 
(1) Crack Propagation Path Study Extensive examinations of 
the crack propagation path of circumferential butt weld failures 
were conducted using a combined technique of etching and 
microscopy. 
Etching A series of etchants were tried in order to delineate 
the melt flow zone within butt fusion -welds. The organic 
solvents used were found to swell the polymer and concentrated 
sulphuric acid and nitric acid had little effect -on' the surface, 
of KDPE. The most successful etchant was the saturated chromic 
acid, a technique used by Barber et al (41). - 
Longitudinal sections were cut from the failed butt-welded--pipes 
and were polished on the hand- -grinder, starting on the -coarse 
grade of 220 mesh size and moving in turn onto the finer, grade 
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of 320,400 and 600 mesh size. The samples were subsequently 
polished on the 61im wheel for 20-40 minutes -followed by 3µm 
wheel for 5 minutes. The samples were cleaned ultrasonically in 
a solvent before moving onto finer polishing grades. 
Fresh staturated chromic acid was prepared for the etching in 
the following manner; lOg of sodium dichromate (Na2Cr2O7.2H2 O) 
was dissolved in 5m1 of water in a 250ml beaker, 100ml 
concentrated sulfuric acid (H2SOa) was then added slowly with 
constant stirring. 
Samples were etched in the chromic acid at 75°C for 8 to 12 
hours. After etching samples were washed in hydrogen peroxide 
solution followed by distilled water. 
The etched surfaces were examined with a light microscope using 
reflective light. The crack propagation path was studied using 
a Wild Heerbrugg Microscope under low angle illumination 
employing Intralux fibre optics light source. The etched 
surfaces were sputter coated using a gold palladium electrode 
before examination with a reflective light microscope. Coating 
was found to enhance the contrast and it enabled the melt flow 
zone to be seen more clearly. 
(ii) Fracture Surface Features The macro-features of fracture 
surfaces were examined with the aid of Wild Heerbrugg Microscope 
under low angle illumination employing 'Intralux fibre optics 
light source. The micro-features of fracture surfaces were 
examined by a scanning electron microscope (SEX) on a Cambridge 
Instrument Stereoscan S250 with accelerating., voltage for, 
beam set at 10KV. The fracture surface for SEM examination were 
coated using gold palladium electrode on an Edwards Sputter 
Coating unit so as to make the surface conductive and prevent 
excess static charge build up. The facility: -; of, elemental 
analysis on the SEX was utilised to determine the-composition of 
any initiating particle in the pipe failure. 
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CHAPTER 4- FATIGUE AND STRESS-RUPTURE PERFORX&NCES OF 
BUTT FUSION VELDS AT ELEVATED TBWFERATURBS 
4.0 Results: Introduction 
The results recorded here cover a broad study into the long-term 
behaviour of butt fusion welds in }IDPE pipe systems. As such 
the presentation of results has been divided into three separate 
chapters. The first chapter on the results provides the basic 
data on the influence of axial misalignment, pipe size and 
welding conditions on the performance of butt fusion welds in 
MDPE pipes. The second chapter is on the failure analysis, 
which includes observations on the crack initiation and 
propagation path-study of circumferential butt weld failures and 
fracture surface examinations in terms of both macro and micro 
features of both weld and pipe failures. In the final chapter 
on the results, the changes in density, crystallinity, number 
and weight average molecular weight and oxidation induction time 
of the pressure tested and untested 63mm pipes at various times 
at 79°C are presented. 
In each of the chapters, the presentation of results is followed 
by the discussion. This concentrates upon specific areas of 
behaviour -which promotes an understanding of--the mechanical 
performance of PE pipeline and the processes leading to 
instances of premature and potentially hazardous failures. 
Models are considered to explain the reported observations. 
It is hoped that the lifetime data on the aligned and misaligned 
butt fusion welds under both fatigue and. '"stress-rupture 
conditions will contribute to useful engineering, - design 
information for polyethylene pipelines in the water and chemical 
process industries. Whilst the failure analysis and . the 
influence of elevated temperature testing on the material 
property should yield an insight into the material behaviour 
from the material science point of view. 
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Field Survey Before the presentation of fatigue performance 
data, it is instructive to consider the results of a field 
survey which was carried out to assess the magnitude of the 
axial misalignment in the butt welds made during the 
installation of MDPE pipelines. The misalignment measurement in 
the field survey was made using purpose built equipment on site 
at six locations, five of which were installing 125mm SDR11 
pipe, the sixth 90mm SDR11 pipe. Of the 53 butt welds examined, 
three had axial misalignments in the ranges 15-20 per cent of 
the nominal wall thickness, the rest had axial misalignments of 
less than 10 per cent, see figure 4.0. This preliminary survey 
thus shows that axial misalignment of 15-20 % of the nominal 
wall thickness can occur in practice. 
4.1.0 The Influence Of Axial Xisalignment On The Fatigue 
Performance Of Butt Fusion Velds 
The majority of fatigue tests on aligned and variously 
controlled misaligned butt fusion welds have been assessed on 
the blue pigmented Rigidex 002-50 medium density polyethylene in 
SDR11 of three different pipes sizes; 63,90 and 125mm tested at 
three different pressure ranges (AP); 6.5,8.0 and 9.5 bar 
(corresponding to hoop stress range, Affe-, of 3.29,4.05 and 
4.81Mpa respectively). However,. for 63mm pipe systems, an 
initial feasibility study was carried out on black Rigidex 002- 
60 high density polyethylene pipe at one pressure range, OP=9.33 
bar (Aor, =4.73MNm ý). Throughout this chapter 63mm pipe systems 
in Rigidex 002-50 KDPE is regarded as the base data to which 
other pipe sizes and grades are compared. 
All the fatigue tests were carried out with nominal duration 
time of six seconds for both a set maximum internal gauge 
pressure and minimum zero gauge pressure to give a frequency of 
five cycles per minute (. 083Hz>. The applied-. wave form was of 
trapezodial_type; however, it was not identical for each of the 
three different pipe sizes. The rate of pressurisation was 
different depending on the pipe size and pressure range. This 
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Fig. 4.0 Histogram of the on-site measured axial misalignment in 90 and 125nm 
polyethylene pipe systems. 
was inherent in the nature of the experimental set-up of fatigue 
testing systems over which there was no accurate control. The 
values of rate of pressurisation are given in the table 3.9(b); 
in the main the rate of pressurisation was 1.6 times greater at 
AP=9.5 bar and 2 times greater at AP=6.5 bar for 63mm pipes 
compared to 125mm. Tests were carried out in a water 
environment at a test temperature of 79±1°C; selected and 
limited tests were also carried out at 69±1°C and 59±1°C. 
The sample size (number of test samples) used for each test 
pressure range varied from a minimum of three to a maximum of 
eight depending on pipe size. The mean and standard deviation 
values have been recorded in the tables and also includes 
individual values. Coefficient of variation is also noted in 
the tables to indicate the measure of the spread in relative 
terms by dividing the standard deviation by the sample mean, 
higher values indicating relatively greater scatter. 
(i) 63mm Pipe Systems: Rigidex 002-60 HDPE Table 4.1(a) 
contains the lifetime as the number of cycles to failure of 
aligned and controlled misaligned butt welds in 63mm SDR11 pipe 
tested at AP=9.33 bar (Aa., =4.73MNm--2) and at a test temperature 
of 79°C. The data of table 4.1(a) is recast in table 4.1(b), as 
the mean reduction in performance of the nominally misaligned 
butt weld compared to the nominally aligned butt weld. The 
reduction in performance was calculated according to equation 
4.0: 
mean aligned - mean performance at (4.0) 
performance given misalignment 
mean aligned performance 
The following general comments can be made on the results-of 
63mm Rigidex 002-60 HDPE pipe systems: - 
(a) All fatigue tested misaligned butt welded pipe 
samples (18 in total) failed at the butt weld in the 
circumferential plane or on a plane perpendicular to extrusion 
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direction or pipe axis. The failure site was located on the 
circumference of the butt weld where the controlled axial 
misalignment was greatest. Of the five nominally aligned butt 
welded samples tested, three failed at the butt weld in the 
circumferential plane whereas two failed in the pipe. Both 
these pipe failures were within one outside diameter of the butt 
welds which constitute a weld failure. 
(b) The scatter in the lifetimes of the butt welds was 
observed to decrease with increasing nominal fractional 
misalignment (nominal fractional misalignment is the axial 
misalignment expressed as a fraction of the nominal pipe wall 
thickness). The coefficient of variation was least (. 059) for 
the maximum nominal fractional misalignment (44%) examined. The 
coefficient of variation was similar for the aligned and for 
nominal fractional misalignment of 9% (. 277 and . 279 
respectively). Minimum scatter at 44% fractional misalignment 
may be indicative of the severity of stress concentration at 
this magnitude of misalignment. 
(c) For nominal fractional misalignments of 9 and 18% the 
average reduction in performance of 24 and 56 per cent 
respectively was observed. For a nominal fractional 
misalignment of 44%, the reduction of 79% per cent was recorded, 
not a large increase in the reduction in going from 18% to 44% 
fractional misalignment compared to change in fractional 
misalignment from 9% to 18%. 
(d) The relationship between the nominal fractional 
misalignment and the number of cycles to failure is shown'in 
figure 4.1 which also includes the curve for Rigidex 002-50 MDPE 
pipe systems. It clearly demonstrates the influence of 
misalignment on the pipe systems performance. It is apparent 
that the performance of Rigidex 002-60 HDPE pipe systems is 
inferior compared to Rigidex 002-50 MDPE pipe systems. 
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Table 4.1(a) lumber of cycles to failure of butt welds in 63mm"SDR11 Rigides 
002-60 HDPE pipe systems tested at 79-C and a frequency, of 0.063 Hz. 
lumber Of Cycles To Failure 
Nominal Fractional 
Eisaligiment, Z 00 09 18 44 
19,320 P1 16,410 8,550 5,220 
19,560 P# 17,670 -10,380 5,730 
28,890 17,700 11,550 5,760 
33,205 19,260 12,840 5,970 
35,520 21,750 13,530 6,120 
32,040 15,900 , 6,150 
lean 27.299 20,805 12.125 5,825 
s. d. 7,559 5,802 2,565 344 
(coeff. variation) (. 277) (. 279) (. 213) (. 059) 
Notes: (1) The axial misalignment is expressed as a fraction of the nominal pipe 
wall thickness. 
(2) All the failures were in the butt weld and lay in the circumferential 
plane bar except those indentified by PS. In the PS cases the failure 
was in the pipe but within one outside diameter of the butt weld. 
Table 4.1(b) Average reduction in the performance of nominally misaligned butt 
welds compared to the nominally aligned butt weld. 
Nominal Fractional Average Reduction 
Misalignment, % % 
09 24 
18 56 
44 79 
Table 4.1(c) Comparison of Rigides 002-60 RDPB with Rigidex 002-50-NDPB pipe 
systems in terms of ratio of mean performance of 002-60 HDPB to 002-50 )[DPB. 
Nominal Fractional 
Misalignment, % 
Ratio of Mean 
Performance 
00 0.30 
09 0.31 
18 0.30 
44 0.22 
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Rigidex 002-50 MDPE All the lifetime data in the form of number 
of cycles to failure of the aligned and variously controlled 
misaligned butt fusion welds tested under three different 
pressure ranges at 79°C are supplied in tables 4.2. Table 
4.5(a) provides the average reduction in performance for the 
three internal pressure ranges as a function of nominal 
fractional misalignment; reduction was evaluated in the manner 
described previously. The influence of misalignment on the 
lifetime is also exhibited in figure 4.2(a) and 4.3(a). The 
following observations are made on the lifetime data of 63mm 
Rigidex 002-50 pipe systems: - 
(a) All the misaligned butt welds tested (59 in total) 
under three different pressure ranges failed in the 
circumferential fracture plane at the weld where the controlled 
axial misalignment was introduced. The failure was locally on 
the circumference of the butt weld. Of the sixteen aligned butt 
welds tested at three different pressure ranges, fifteen failed 
at the butt welds of which eleven were in the circumferential 
plane and four in the axial plane; one aligned butt welded 
sample did not fail within the allocated testing time. No pipe 
failures were observed. It would appear that for 63mm pipe 
systems, the butt weld is therefore the weakest link in the 
chain for fatigue loading. 
(b) For the butt welds tested at a pressure range of 9.5 
bar, the coefficient of variation was least (=0.1) for the 
large fractional misalignment (35% and 44%) and higher (. 4 to 
. 3) for the low fractional misalignment (00 and 09%). This 
trend was consistent with the Rigidex 002-60 HDPE data. A 
similar pattern was repeated for butt welded samples tested. at 
oP=6.5 bar; however, it was not repeated for the data;, generated 
at AP=8.0 bar. 
The problem of scatter in experimental results is commonýto most 
physical tests, and particualarly pronounced in-fatigue testing 
of unnotched specimen because the behaviour of materials under 
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load is dependent on 'small scale' variables. In the case under 
consideration, variations in misalignment on the nominally 
controlled value of misalignment might have caused the spread in 
the lifetime and also possibly from the variation in notch 
dimensions, which is created by the rolling of the weld bead 
onto the pipe surface. Scatter is also expected to increase 
with the decrease in stress amplitude, that is the smaller 
scatter at high stress amplitudes is believed to result from 
shorter initiation periods prior to crack propagation. This was 
observed only for 18% fractional misalignment. 
(c) It is apparent from the table 4.5(a) and figure 
4.2 (a) that whether one considers the mean lifetime or for that 
matter the conservative case of minimum lifetime, the 
performance of the butt weld reduces with increasing fractional 
misalignment at all three test pressure ranges, For example, 
the mean lifetime of butt welded samples with a nominal 
fractional misalignment of 18% was reduced by 81,54 and 56% at 
test pressure range of 6.5,8.0 and 9.5 bar respectively when 
compared to the aligned butt weld. 
For nominal fractional misalignments above 20%, and particularly 
in the range 30 to 45%, the effect of increasing misalignment 
was small or negligible. 
(d) Table 4.6(a) gives the ratio of mean performance at 
AP=9.5 bar to the mean performance at oP=6.5 bar and it 
indicates that for fractional misalignment of 35 and 44% the 
reduction was greatest at lower pressure range. 
(e) For butt welds tested at a pressure range' of 9.5 bar 
the trend in mean reduction in lifetime values with''increasing' 
fractional misalignments compared to the aligned weld was 
similar to that observed for the Rigidex 002-60 HDPE pipes. 
However, Rigidex 002-50 MDPE was more tolerant to misalignment 
compared to Rigidex 002-60 HDPE. The performance of Rigidex 
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002-50 MDPE was on the whole three times better than Rigidex 
002-60 HDPE, - see table 4.1(c). 
(f ) In figure 4.2(&> the performance of various 
misaligned butt welds is shown on a semi-logarithm plot. The 
data in figure 4.2(a> has been plotted in two ways. Firstly, 
the mean value and the range is plotted as the nominal 
misalignment against the number of cycles to failure. Secondly, 
the measured maximum misalignment of the butt weld at the 
failure site is plotted against number of cycles to failure as 
represented by individual data points. Relationships between 
the number of cycles to failure and fractional misalignment can 
best be described by a polynomial of degree greater than or 
equal to 3 depending on pressure range used, that is in general; 
Mr =A+ B<M. ) + C(Mý)2 + D(M-)3 + E(MM){ + ..,. (4.2) 
where Nr is the number of cycles to failure and K. is the 
fractional misalignment. A, B, C, D anct E are cotstants. Equation 
4.2 can account-. for the--following observations: - 
(1) For small misalignment (<20%), pipe systems 
performance reduces more drastically (the first two terms on the 
right side, RHS of the equation 4.2 are most important) and 
(2> For fractional misalignments above 20%, the effect 
of increasing misalignment becomes small or negligible (power 
terms on the RHS of the equation 4.2 become important). 
(g) In figure 4.3(a) relationships between axial stress 
range and number of cycles to failure as a function of various 
fractional axial misalignment is shown. This plot is'preferred 
over a plot of hoop stress range against logarithm number off 
cycles to failure because of the predominant failure of butt 
welds in the circumferential fracture plane. 
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Table 4.2 Humber of cycles to failure of butt welds in 63mw SDR11 Rigides 002-50 
MDPE pipe systems tested at 79°C and a frequency of . 083 Hz. 
Humber Of Cycles To Failure 
Nominal Fractional Internal Pressure Range, bar gauge 
Misalignment, % (corresponding Hoop stress range, XLu 2) 
9.5 8.0 6.5 
(4.81) (4.05) ( 3.2) 
00 58,290 81,570 115,560 260,880* 
60,150 96,090 124,770(A) 681,390 
63,300( A)132,060 136,140(A) 985,440 
73,620 169,260 146,880(A) >1,200,000 
Mean ± s. d. 90,668 ± 37,202 130,833 ± 13,600 781,982 t 407,349 
(coeff. variation) (. 410) (. 104) (. 521) 
09 49,980 61,830 74,280 577,590 
53,430 64,440 77,400 616,380 
53,610 82,170 80,850 610,770 
57,060 108,570 129,870 >975,000 
Jean ± s. d. 66,386 ± 19,786 90,600 ± 26,317 694,935 t 187,493 
(coeff. variation) (. 298) (. 291) (. 270) 
18 28,620 39,240 53,160 101,250 
35,040 40,200 58,800 145,530 
37,680 41,790 60,390 152,880 
38,130 61,560 66,690 315,720 
Jean ± s. d. 40,283 t 9,494 59,760 ± 5,565 178,845 ± 94,056 
(coeff. variation) (. 236) (. 093) (. 526) 
35 21,930 42,510 68,820 
21,930 48,630 69,060 
22,710 49,710 71,730 
26,490 62,430 84,810 
Jean t s. d. 23,265 t 2,187 50,820 t 8,364 73,605 t 7,586 
(coeff. variation) (. 904) (. 165) (. 103) 
44 22,590 26,190 42,030 80,070 
24,240 26,760 44,940 86,100 
25,170 28,290 51,000 88,320 
25,500 35,040 54,210 90,930 
Mean ± s. d. 26,723 t 3,762 48,045 ± 5,555 86,355 t 4,632 
(coeff. variation) (. 141) (. 116) (. 054) 
Notes,, A- indicates axial butt weld failure, - indicates sample did not fail, s- very early failure in the 
Analysis of table 4,5(a) it has been omitted, 
Table 4.3 Humber of cycles to failure of pipe to pipe butt welds in 90mm SDR11 
Rigides 002-50 ? 1DPE pipe systems tested at 79°C and a frequency of . 083 Hz. 
Humber Of Cycles To Failure 
Nominal Fractional Internal Pressure Range, bar gauge 
9.5 8.0 6.5 
00 82,200(P) 195,390(P) 262,980 441,630 
104,280(A) 213,240(P) 444,900 549,240(P) 
137,160(A) 233,160(P) 546,810 1,200,150 
192,750(A) 260,790 >647,310 >1,116,180 
Mean t s. d. 177,371 t 63,172 475,500 t 164,01 >826,800 t 386,664 
(coeff. variation) (. 350) (. 275) (. 468) 
09 63,600 218,370 
68,220 224,220 
73,860 499,560 
97,740 575,670 
Mean ± s. d. 75,855 t 15,181 379,455 t 185,267 
(coeff. variation) (. 200) (. 488) 
18 43,050 55,650 212,650 
46,860 66,150 224,550 
47,670 68,820 266,880 
54,000 70,110 363,150 
Mean ± s. d. 47,895 t 4,541 65,183 t 6,566 266,865 t 68,254 
(coeff. variation) (. 095) (. 101) (. 256) 
44 23,010 76,800 
23,130 85,320 
25,200 86,010 
25,530 95,730 
Mean ± s. d. 24,218 t 1,333 85,965 t 7,741 
(coeff. variation) (. 055) (. 090) 
Notes: as per table 4.1 and 4.2 
Table 4.4 Number of cycles to failures of pipe to pipe butt welds in 125mm SDR11 
Rigides 002-50 XDPE pipe systems tested at 79°C and a frequency of . 083 Hz. 
Number Of Cycles To Failure 
Nominal Fractional Internal Rressure Range, bar gauge 
xisalig nn nt, % 
9.5 6.5 
00 >210,000 >967,350 
262,710(P) >978,540 
>985,620 
Aean t s. d. >236,355 ± 37,272 >977,170 
(coeff. variation) (. 158) 
09 85,470 417,630 
119,400 579,750 
147,330 >957,300 
Mean t s. d. 117,400 ± 30,979 651,560 t 276,909 
(coeff. variation) (. 264) (. 425) 
18 57,000 150,570 
70,380 214,890 
86,700 299,100 
lean ± s. d. 71,360 ± 14,874 221,520 ± 74,487 
(coeff. variation) (. 208) (. 336) 
44 24,900 63,660 
28,710 92,010 
33,150 95,160 
lean ± s. d. 28,920 ± 4,129 83,610 ± 17,349 
(coeff. variation) (. 143) (. 208) 
Table 4.5 Average reduction (Y) in the performance of nominally misaligned butt 
welds compared to the nominally aligned butt welds in (a) 63, (b) 90 and (c) 125mm 
Rigidex 002-50 I1DPE pipe systems. 
(a) 
(b) 
Average Reduction - '/. 
Nominal Fractional Internal Pressure Range, bar gauge 
Misalignment, % 
9.5 8.0 6.5 
09 28 31 27 
18 56 54 81 
35 74 61 92 
44 71 63 91 
Average Reduction -% 
Nominal Fractional 
Misalignment, x 
Internal Pressure Range, bar gauge 
9.5 8.0 6.5 
09 57 >54 
18 73 >86 >68 
44 86 >90 
Table 4,5(c) 
Average Reduction - % 
Nominal Fractional Internal Pressure Range, bar gauge 
Misalignment, % 
9.5 6.5 
09 >50 >33 
18 >70 >77 
44 >88 >91 
Table 4.6(a) Ratio of mean performance at tP=9.5 bar to mean performance at AP=6.5 
bar for variously misaligned butt welds in 63,90 and 125mm Rigides 002-50 ! DPE 
pipe. 
Nominal Fractional 
Misalignment, % 
Pipe Diameter, mm 
_ 
63 90 125 
00 . 12 . 21 . 24 
09 . 10 . 20 . 18 
18 . 23 . 18 . 32 
35 . 31 - - 
44 . 31 . 28 . 35 
Table 4.6(b) Ratio of mean performance in 90 and 125 to mean performance of 63mm 
pipe systems. 
90mm 125mm 
Nominal Fractional Pressure Range, bar Pressure Range, bar 
Misalignment, 
915 8.0 6.5 9.5 6.5 
00 1.96 3.63 >1.06 >2.6 >1.25 
09 1.14 - 0.55 1.76 0.94 
18 1.19 1.09 1.49 1.77 1.24 
44 0.91 - 1.00 1.08 0.97 
Table 4.6(c) Ratio of mean reduction in performance in 90 and 125mm pipe systems 
to 63mm pipe systems. 
90mm 125mm 
Nominal Fractional Pressure Range, bar Pressure Range, bar 
Misalignment, 
9.5 6.5 9.5 6.5 
09 2.04 >2.00 >1.78 >1.22 
18 1.30 >0.84 >1.25 >0.95 
44 1.21 >0.99 >1.24 >1.00 
Table 4.7 Ratio of weld bead height, d to pipe wall thickness, t and weld bead 
height to weld bead width, w for aligned butt welds in 63,90 and 125mm Rigides 
002-50 XDPB pipe systems. 
Pipe Diameter Inside Weld Bead Outside Weld Bead 
MM d/w d/t d/w d/t 
63 . 624 ± . 161 . 648 ± . 092 . 456 ± . 050 . 558 ± . 064 
90 . 431 ± . 113 . 403 ± . 090 . 376 t . 032 . 363 ± . 034 
125 . 453 ± . 140 . 310 ± . 041 . 437 ± . 017 . 313 ± . 025 
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(ii) 90mm Rigidex 002-50 IOPR Pipe Systems , 90mm -pipe systems 
were tested as a part of an investigation into the influence of 
pipe diameter on the performance of-butt welds. Essentially the 
tests at AP=6.5 and 9.5 bar (corresponding to, Dar. =3.29MNm = and 
4.81MNm = respectively) were repeated and, -selected tests were 
also carried out at AP=8.0 bar (Aw"=4.05 KAm ý2E). The number of 
cycles to failure of the aligned and controlled misaligned butt 
welds in 90mm pipe systems tested under the above mentioned 
pressure ranges at 7900 are given in table 4.3. The average 
reduction in the lifetime of three differently misaligned butt 
welds compared to the aligned butt weld are provided in the 
table 4.5(b). In figure 4.2(b) and 4.3(b) the lifetime data has 
been displayed in the graphical form. Figure 4.2(b) shows the 
relationship between the number of cycles to failure and the 
nominal /measured fractional misalignment, whilst, figure 4.3(b) 
exhibits the relationship between axial stress range and number 
of cycles to failures as a function of 'various 'fractional 
misalignment. 
The general remarks on the results of 9Oiim pipe -syystem which, can 
be made are: - 
(a) All the misaligned- butt -welds failed in the 
circumferential - plane at the weld, (in total " 28 at -three 
dissimilar pressure ranges as was observed in-' 03mm pipe 
systems). However, of the sixteen aligned butt welds tested at 
three dissimilar pressure-ranges, seven failed at the weld of 
which four were in the oi-ecumfe ential-"plane and three in the 
axial plane.: " Four pipe failures remote from -the weld were 
observed, one pipe failure within one outside diameter of the 
end cap and three samples did not fail -within- the allocated 
testing time. It appears there is a -50% probability-that"the 
failure of aligned welds in 90mm-pipes will - occurat weld or-in 
the pipe whereas in 63mm pipe, circumferential-'failures were 
predominant. For aligned butt--welds in 90mm pipe, the weld is 
not always the weakest link in the chain. 
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(b) The trend in the coefficient of variation is clear 
and consistent compared to 63mm data. At all three test 
pressure ranges the coefficient of variation decreases as the 
fractional misalignment increases and it also increases with 
decreasing pressure range. For oP=9.5 bar, the coefficient of 
variation decreased from . 35 to . 06 as the fractional 
misalignment increases from 00 to 44% and for AP=6.5 bar 
decreases from greater than . 42 to . 09 for same increase in 
fractional misalignment. 
(c) The ratio of the mean performance of butt welds in 
90mm pipe system to 63mm pipe system is displayed in the table 
4.6(b). It is apparent from this table that in general while 
the performance of the variously misaligned butt welds is 
similar to 63mm pipe systems, the aligned butt weld performance 
has improved (- 2.0 times at OP=9.5 bar) compared to aligned 
butt weld in 63mm pipe. The observed improvement in the aligned 
butt weld may be attributed in one, of the following ways or any 
combined effect; 
(1) If the assumption is made that the performance 
of an aligned butt weld is sensitive to minor changes in rate of 
pressurisation then the improved performance of aligned butt 
welds in 90mm pipe systems may be due to the fact that the rate 
of pressurisation for 63mm pipe systems was 1.2 and 1.6 times 
greater compared to 90mm pipe system at tP=9.5 bar and 6.5 bar 
respectively. 
(2) If it is assumed that the minor change in rate 
of pressurisation has no influence in aligned butt welds_. then 
the improvement in performance may be attributed to the fact 
that there is a relative decrease in the bead size compared to 
pipe wall thickness for 90mm pipe` see table -4 7, ° which 
probably decreases the probability of failure at the'butt'weld 
and extends the lifetime of aligned butt welds ändo° 
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(3) circumferential crack growth rates in 90mm pipe 
are different from these in 63mm for the aligned butt weld. 
(d) The reduction in the performance of misaligned butt 
welds in 90mm pipe systems compared to 63mm pipe systems as 
represented by its ratio are cited in the table 4.6(c) which 
shows that the reduction in performance of 9% fractional 
misalignment in 90mm pipes is twice as great as in 63mm pipes. 
The reduction in performance for 18 and 44% fractional 
misalignment is about one and half times greater than for 63mm 
pipe size. It seems then for 90mm pipe systems the performance 
is very sensitive to minor fractional misalignment at the weld. 
(iii) 125mm Rigi de_x_ 002-50 MDPE Pipe Systems The results of 
the tests carried out at AP=6.5 and 9.5 bar for variously 
controlled misaligned butt welds at 79°C are included in the 
table 4.4 in the form of number of cycles to failure. The 
reduction in the lifetime of the misaligned butt welds compared 
to aligned butt welds are exhibited in the table 4.5(c). All 
the values in the table 4.5(c) are recorded as greater than 
since the aligned butt weld failures were not observed at the 
weld within the allocated testing time. 
Figure 4.2(c) indicates the relationship between the fractional 
misalignment and the number of cycles to failure and figure 
4.. 3(c) the relationship between axial stress range and number of 
cycles to failure as a function of various fractional 
misalignments. 
The following general observations were made regarding the 
performance of the 125mm pipe systems: - 
(a) All the misaligned butt welds, ' failed: ' in the 
circumferential plane at the weld (in total 17 at, two' different 
AP) in common- with observations made on 63 and, -90mm 'pipe 
systems. None of the aligned butt welds had failed within--the 
allocated testing time, surpassing the mean lifetime=of 63mm 
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pipe system at AP = 9.5 bar and equal to the 63mm pipes at 
OP=6.5 bar 
(b) The trend in the coefficient of variation is similar 
to the one anoted for the 90mm pipe systems; the coefficient of 
variation decreases as the fractional misalignment increases and 
it also increases at the lower pressure range. For AP=9.5 bar 
the coefficient of variation decrease from . 26 to . 14 and at 
oP=6.5 bar it decreases from . 43 to . 21 for fractional 
misalignment increase from 9 to 44%. 
(c) The ratio of the mean performance of butt welds in 
125mm pipe systems to 63mm pipe systems are given in table 
4.6(b). It shows that 
(1) The performance of highly misaligned butt welds 
<44%) is similar to 63mm pipe systems, 
(2) For fractional misalignment of 9 and 18%, the 
performance has almost doubled compared to 63mm pipe system at 
6P=9.5 bar and at AP=6.5 bar it has not changed significantly, 
(3) The aligned butt weld performance has improved 
compared to aligned butt welds in 63mm pipes, the magnitude of 
which is uncertain since no failures were observed within the 
allocated testing times. The observed improvement in the 
aligned butt, welds may be attributed to the similar reasoning 
put forward for 90mm pipe systems - see section 4.1.2, note (c). 
Table 4.7 gives the ratio of weld bead height to the pipe wall 
thickness in the aligned butt weld and it seems that this value 
for 125mm is half that of the 63mm pipe. 
(d) The ratios of the reductions in thejmisaligned-butt 
weld performance in 125mm pipe systems, to the reductions-in 
misaligned butt weld performance in 63mm pipes are, indicated 'in 
the table 4.6(c). It shows that reductions in, the performance 
of all the misaligned butt welds at two AP are greater than 
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those observed for 63mm pipe systems. It appears that with an 
increase in pipe diameter the performance is sensitive to minor 
axial misalignments. 
4.2.0 The Influence Of Temperature On The Fatigue Performance 
Of Aligned And Misaligned Butt Welds In 63 And 90ern Pipe Systems 
(i) Rigidex 002-60 HDPE A number of butt welds having a nominal 
fractional misalignment of 44% in 63mm pipe systems were tested 
over a pressure range of 9.33 bar ( o-r. =4.73XK. -2) and at a test 
temperatures of 59 and 69°C in order to establish the 
temperature dependence relationship which would provide some 
guide to its likely performance at lower temperatures. The 
number of cycles to failure of the misaligned butt welds tested 
under the above mentioned conditions are given in table 4.8. 
All the misaligned butt welds failed in the circumferential 
plane at the weld, similar to the failures observed at 79°C. 
A plot of logarithm mean number of cycles to failure against 
reciprocal of absolute temperature, an Arrhenius plot, is shown 
in figure 4.4(a) based on the mean lifetime of 44% fractionally 
misaligned butt welds tested at AP=9.33 bar and at 79,69 and 
59°C. The prediction of lifetime obtained from the Arrhenius 
plot is discussed in section 4.5.2. 
(ii) Rigidex 002-50 MDPR Pipes A selected number of aligned 
and misaligned butt welds, with 18% fractional misalignment, in 
63 and 90mm pipes were tested at 59 and 69-C under a test 
pressure range of 9.5 bar toa, ý=4.81MN.,. 2) . The lifetime data in 
the form of number of cycles to failure for these butt welds are 
given in the table 4.9. None of the aligned butt welds in 63 
and 90mm pipes had failed at 59°C within the allocated testing 
time. All the other failures in the aligned and misaligned butt 
welds recorded in the table 4.9 failed at the butt weld in the 
circumferential plane, similar to the failures noted at 79°C. 
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Table 4.8 Fatigue performance of nominally 44% fractional misalignment butt weld 
in 63mm Rigiden 002-60 BDPE pipe at 59 and 69°C. 
Humber Of Cycles To Failure 
Test Temperature °C 69 59 
12,090 42,930 
13,830 42,780 
19,350 51,480 
22,710 54,030 
22.830 61,560 
63,120 
Nean ± s. d. 18,162 ± 4,988 52,650 t 8,766 
(coeff. variation) (. 275) (. 167) 
Table 4.9(a) Fatigue performance of nominally aligned and nominally 18% 
fractional misaligned butt welds in 63 and 90mm Rigides 002-50 IMPS pipe 
at (a) 69-C and (b) 59°C. 
(a) 
Humber Of Cycles To Failure 
Bonmal Fractional Pipe Outside Diameter, mm 
Hisalignment, % 
63 90 
00 104,040 331,560 
168,750 1,118,040 
240,240 >1,155,000 
296,220 >1,155,000 
353,130 
433,410 
449,490 
Mean ± s. d. 292,183 t 130,226 >939,900 f 405,934 
(coeff. variation) (. 446) (. 432) 
18 83,010 103,980 
99,960 112,950 
118,200 131,220 
134,850 135,540 
Hean ± s. d. 109,005 ± 22,436 120,923 ± 14,948 
(coeff. variation) (. 206) (. 124) 
(b) 
Humber Of Cycles To Failure 
Nominal Fractional Pipe Outside Diameter, mm 
Xisalignment, % 
63 90 
00 >750,000 >750,000 
>750,000 
18 340,650 434,250 
354,060 601,470 
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A plot of logarithm number of cycles to failure, logarithm NI, 
against reciprocal of absolute temperature is shown in figure 
4.4(b) based on the mean lifetimes at three test temperatures 
for butt welds having 18% fractional misalignment. The curves 
for aligned butt welds are omitted because of insufficient data. 
4.3.0 The Influence of Axial Xisalignment On The Stress-Rupture 
Performance of Butt Fusion Velds 
Pipe systems described in the section 4.1.0 were also assessed 
under stress-rupture conditions at 79°C but only at one 
pressure. The chosen pressure corresponded to a hoop stress 
which lay just below the knee in the material manufactures 
stress-rupture curve and it also corresponded to the maximum 
pressure used under fatigue, thus enabling the comparison of 
stress-rupture and fatigue to be made at the one pressure. 
Tests at other pressures and temperatures were not possible 
since the expected lifetime, especially of Rigidex 002-50 MDPE, 
exceeded far beyond the time limit for the project. 
The sample size for the stress-rupture tests varied from a 
minimum of four to a maximum of eight depending on pipe 
diameter. In a similar manner to the presentation of the 
fatigue performance data, the tabulation of the stress-rupture 
lifetime data records the individual values, mean, standard 
deviation and coefficient of scatter. 
(1) 63mm Rigidex 002-60 HDPE Table 4.10(a) contains the 
lifetime in terms of testing time to failure of aligned and 
controlled misaligned butt welds in 63mm SDR 11 pipe tested at a 
constant gauge pressure of 9.33 bar (ar, =4.73MNm ---! ) at 79°C. 
Table 4.10(b) gives the reduction in performance of nominally 
misaligned butt welds compared. to the nominally aligned butt 
welds; the reduction is calculated according to equation 4.1. 
The following points can be made on the results of 63mm Rigidex 
002-60 HDPE pipe systems: - 
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Tables 4.10(a) Stress-rupture lifetimes of butt welds in 63mm SDR11 Rigidex 
002-60 HDPE pipe tested at 9.33 bar and at 79°C. 
Time To Failure, Hours. 
Nominal Fractional 
Iisalignment, % 00 09 18 44 
69.9 67.2 31.7 13.9 
80.8 75.6 39.1 14.6 
137.9(P) 76.7 47.1 16.4 
147.9 76.8 55.5 19.2 
151.9(P) 91.2 55.8 19.5 
178.5 - 74.6 30.0 
254.9 - - - 
Mean ± s. d. 138.4 ± 85 77.5 ± 8.6 50.6 f 15 18.9 t 5.9 
(coeff. variation) (. 419) (. 111) (. 300) (. 311) 
Table 4.10(b) Average reduction (x) in the performance of nominally misaligned 
butt welds compared to the nominally aligned butt weld. 
Nominal Fractional Average Reduction 
Misalignment, % ti 
09 44 
18 63 
44 86 
Table 4.10(c) The ratio of mean testing time to failure under stress-rupture to 
mean testing time to failure under fatigue. 
Nominal Fractional 
Misalignment, % 
The Ratio Mean Testing 
time to failure 
00 1.52 
09 1.12 
18 1.25 
44 0.97 
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(a) All stress-rupture tested misaligned butt welded 
pipe samples (17 in total) failed at the butt weld in the 
circumferential plane as was observed under fatigue. Of the 
seven nominally aligned butt welded pipe samples tested, three 
pipes failed remote from the butt weld, the remainder failed at 
the weld in the circumferential plane. Pipe failures had a 
similar lifetime to aligned butt welds. 
(b) The coefficient of scatter was greatest for the 
nominally aligned butt welds and was surprisingly least for 
nominally 97. misaligned butt welds. The coefficient of scatter 
was on the whole greater than those recorded under fatigue, 
perhaps indicating that the notches under stress-rupture are not 
as sensitive. 
(c) In terms of total testing time to failure, aligned 
butt welds under stress-rupture were marginally superior 
compared to under fatigue. An average increase in the lifetime 
of 52% was noted, whereas there was no significant increase in 
the stress-rupture performance of misaligned butt welds compared 
to under fatigue - see table 4.10(c) and figure 4.5. 
(d) For nominal fractional misalignents of 9 and 18% the 
reduction in performance of 44 and 63%. respectively was 
observed, compared to the aligned welds. This reduction was 
noticably greater than one observed under fatigue where it was 
34 and 56% respectively. For a nominal misalignment of 44%, the 
reduction of 86% under stress-rupture was recorded compared to 
79% under fatigue. 
(ii) 63mm Ri gi dex 002-50 MDPE Pipe Systems ` All the stress- 
rupture lifetimes of the aligned 
, 
and variously, controlled 
misaligned butt fusion welds in 63mm SDR11 002-50 MDPE pipes 
tested under the gauge pressure of 9.5bar (ar, =4.81MNm )-at 79°C 
are supplied in the table 4.11. The following. observations are 
made on these stress-rupture data: - 
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Table 4.11 Stress-rupture lifetimes of butt welds In SDR11 63,90 and 125= 
Rigides 002-50 XDPE pipe systems tested at 9.5 bar and at 79°C. 
Time To Failure, Hours. 
Nominal Fractional Pipe Outside Diameters, mm 
Misalignment, % 
63 90 125 
00 4,846.3 8,152(P) 1,728(P) >3,251.8 
4,919.4 8,442(P) 2,138(P) >3,759.2 
>7,227.9 8,915(P) 3,267(P) >3,888.1 
>7,371.5 10,945.6 3,935(P) >3,896.9 
lean ± s. d. >7,602.5 ± 2,632 >2.767 ± 1,015 >3,699.0 t 304 
(coeff. variation) (. 267) (. 367) 
09 8,543.6 2,742.0 2,721.4 
8,754.8 3,015.1 3,393.9 
9,601.8(P) 3,568.5 >3,147.3 
12,003.7(P) 3,762.4 >3,440.3 
Mean ± s. d. 9,726.0 ± 1,586 3,272.0 t 475 >3,176.0 t 329 
(coeff. variation) (. 163) (. 145) (. 104) 
18 350.5 2,096.7 915.5 907.7 
1,735.9 2,719.6 1,567.2 1,129.7 
2,047.5 3,514.1 1,822.4 1,166.4 
2,131.1 5,008.1 2,057.5 1,193.3 
Mean ± s. d. 2,836.0 f 1,121 1,591.0 t 493 1,099.0 t 130 
(coeef. variation) (. 395) (. 310) (. 118) 
35 632.9 
899.6 
936.2 
1,169.0 
Jean ± s. d. 909.0 t 220 
(coeff. variation) (. 242) 
44 858.0 1,151.5 311.2 222.1 
874.0 1,436.1 318.8 235.4 
936.1 1,901.7 328.8 310.2 
1,143.7 371.6 333.4 
Mean ± s. d. 1,186.0 t 375 332.6 t 27 275.0 t 55 
(coeff. variation) (. 316) (. 081) (. 200) 
Table 4.12 The ratio of mean stress-rupture performance of butt welds in Rigidex 
002-60 HDPE to mean stress-rupture performance of butt welds in Rigidex 002-50 
NDPE pipe systems. 
Nominal Fractional 
Misalignment, % 
The Ratio 
Stress-Rupture 
Of Mean 
Performance 
00 18.2 x 10-3 
09 08.0 x 10-3 
18 17.8 x 10-3 
44 16.0 x 10-3 
Table 4.13 Ratio of stress-rupture performance in terms of total testing time to 
total testing to failure under fatigue for eP=9.5 bar in Rigidex 002-50 LOPE pipe 
systems. 
Nominal Fractional 
Misalignment, % 
Pipe Outside Diameter, mm 
63 90 125 
00 25 >05 >05 
09 04 13 >08 
18 21 10 05 
35 12 - - 
44 13 04 03 
Table 4.14 Ratio of mean performance of misaligned butt welds in 90 and 125mm to 
63mm in Rigidex 002-50 ? IDPE pipes. 
Nominal Fractional 
Misalignment, % 
Pipe Outside Diameter, mm 
90 125 
09 0.34 >0.33 
18 0.56 0.39 
44 0.28 0.23 
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(a) All the misaligned butt welds (21) in 63mm pipe 
systems failed in the circumferential plane at the weld, with 
the exception of two 9% fractional misaligned butt welds, 
failure occuring locally on the butt weld where the 
misalignment was introduced. Of the eight aligned butt welds 
tested, three circumferential weld and three failures in the 
pipe away from the butt weld were observed. For two samples, 
the test was stopped after 7000 hours. 
(b) The coefficient of variation for the 18 and 44% 
misaligned butt welds seems to be similar. However, they are 
all greater than those recorded under fatigue, again indicating 
that notches may be less sensitive under stress-rupture. 
(c) Assuming the mean performance of aligned butt welds 
is greater than 7700 hours then the reduction for highly 
misaligned butt welds (18% and above) would be greater than 
60%. 
(d) The ratio of the mean performance of butt welds in 
Rigidex 002-60 HDPE to Rigidex 002-50 MDPE are contained in the 
table 4.12, and it shows that the stress-rupture performance of 
Rigidex 002-50 MDPE pipe welds is by far the superior, more 
than 50 times better than Rigidex 002-60 HDPE - see also figure 
4.5, whereas under fatigue the performance of the RigidexOO2-50 
MDPE pipes was only three times better than Rigidex 002-60 HDPE 
(e) The ratio of the mean testing time to failure under 
stress-rupture to fatigue are included in the table 4.13, and 
it indicates that while the stress-rupture performance in 
general is improved compared to under fatigue at all the 
misalignments by more than 12 times, the best improvement in 
performance is obtained with the aligned buttweld (it is 25 
times better than fatigue). 
(iii) 90 and 125mm Rigidex 002-50 MDPF Table 4.11, contains 
the stress-rupture data generated for 90 and 125mm pipes at 
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various misalignments under a constant gauge pressure of 9.5 
bar <ýati=4.81MNý ý> at 79°C. The general remarks which can be 
made an the results of the 90 and 125mm pipe systems are: - 
(a) In common with the other misaligned butt welds, all 
the misaligned butt welds in 90 and 125mm (in total 23) pipe 
systems failed in the circumferential plane at the weld. 
In the 90mm pipe systems, all the four aligned butt welds 
failed in the pipe remote from the butt weld, on average after 
2767 hours. In the 125mm pipe systems no failure was observed 
in any of the four aligned butt welded samples after 3000 hours 
and the test was discontinued after this time. 
(b) The coefficient of variation for 18 and 44% 
fractional misalignment did not vary much and it decreased with 
increases in outside diameter from 90 to 125mm. 
(c) In terms of total testing time to failure, in 90mm 
pipe systems the performance under stress-rupture is better 
compared to fatigue; the relative improved performance 
decreases with increasing fractional misalignment. The 
performance is 13 times better under stress-rupture for 9% 
fractional misalignment and 4 times better for 44% fractional 
misalignment. The relative improvement in stress-rupture 
performance also decreases with increase in pipe outside 
diameter to 125mm, that is for 125mm pipe systems the, stress- 
rupture performance is better by a value greater than8 times 
for 9% fractional misalignment and is similar, to fatigue 
testing time for 44% fractional mislaignment_- see table 4.13. 
(d) There is a distinct difference in the lifetime of 
misaligned butt welds in, 90 and 125mm pipe systems compared, to 
the 63mm pipe systems. -,. 
The lifetimes in, the 90 ý and 125mm pipe 
systems have been reduced compared to the 63mm by; two, thirds, in 
the case of the 44% fractional misalignment, by, _ 
more e than a 
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half in the18% fractional misalignment and by a third in the 9% 
fractional misalignment case. Stress-rupture data seems to 
indicate there might be a pipe size effect for misaligned butt 
welds. However, there is no significant difference in the 
lifetime of misaligned butt welds between 90 and 125mm. 
Note that none of the misaligned butt welds in all the three 
pipe diameters of Rigidex 002-50 MDPE pipe failed below the 
minimum specified time of 170 hours at 80°C (and at 4MPa - WAA 
specification 4- 32 - 04. ) 
4.4.0 Influence Of Welding Conditions On Fatigue Performance Of 
Aligned Butt Fusion Welds 
A limited study was undertaken on the influence of welding 
conditions on the fatigue strength of butt fusion welds. The 
purpose of the study was to identify the welding condition 
variable which would reduce the performance of aligned butt 
welds and also to examine the associated failure mode. The 
welding variables examined were: - 
- Heat soak time 
- Heat removal time 
- The welding pressure 
All the other variables were kept to the standard welding 
conditions listed in the table 3.6. The first two welding 
variables were examined for both 63 and 90mm aligned welds in 
Rigidex 002-50 MDPE pipe, while the 'third one"only for the 
90mm aligned welds in- Rigidex002-50 MDPE pipe. " The, welding - 
variablesof heat soak time and welding pressure were chosen to-" 
alter the weld bead size and heat removaltime'was chosen to 
produce "cold" welds. ' 'The 'aligned butt welds produced under= 
these conditions were tested under fatigue at apressure range 
of 9.5 bar using 5 cpm'- with' aý trapezodial waveform. The 
results of this examination are contained"in the table 4.15. 
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(i) Effect of Heat Soak Time Since the heating pressure and 
the heater plate temperature were held constant, the amount of 
melt formed was solely dependent on the time of heat 
application. With the decrease in heat soak time to 30 seconds 
(0.5 times the standard), the weld bead size was made smaller. 
In the 63mm pipe the ratio of inside weld bead depth to wall 
thickness (d/t) was . 560 (see table 4.16) compared to . 648 for 
the standard weld. Although all the failures were observed at 
the weld in the circumferential plane for the heat soak time of 
0.5 times the standard, the mean lifetime was seen to increase 
by a factor of 1.7 or an increase of 67% in the lifetime. 
An increase in the heat soak time to 180 seconds, 3 times the 
standard, gave the d/t (inside) ratio of . 923 . and 
the mean 
lifetime was similar to the standard. It seems that the smaller 
weld bead size tends to improve the performance of aligned butt 
welds marginally in 63mm pipe systems. 
Note that by increasing the bead size, the reinforcement effect 
is not brought as might have been expected because of the 
inherent presence of notches between the weld bead and the bore: 
thus, it is not a straight forward case of increasing effective 
wall thickness at the weld. 
In general, for 90mm pipe systems, a high portion of pipe system 
failures were observed to be in the pipe remote from the weld; 
from the total of 27 aligned butt welds produced under different 
welding conditions, 17 failures were observed in pipe. These 
pipe failures are denoted by P or P1 in the table 4.15. 
, 
In_some 
cases, the failure site was removed and the pipe welded. , When 
the sample was placed back under test, it failed again-in, the 
pipe remote from the butt weld -as denoted by, 
P2_ in the table 
4.15, perhaps indicating that the 90mm pipes came from a poor 
batch of production/material. 
. 
Since 
,a significant number of 
failures were in the pipe, At makes. it difficultjto comment. on 
the trend. However, it is apparent that an increase. in the heat 
soak time to 180 seconds in the . 
90mm pipe system has promoted 
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circumferential failure at the weld in all the three samples and 
inside d/t ratio was . 595. The heat soak time of 30 seconds 
gave an inside d/t ratio of . 321 and no failures were recorded 
within 300,000 cycles, surpassing the maximum number of cycles 
to which the standard weld was subjected. Standard weld beads 
in 90mm pipe had d/t ratios of about . 402. 
(ii) Effect of Heat Removal Time The effect of removal time 
would be dependent upon the time taken for the temperature to 
fall to a certain value. Therefore, it would be dependent on 
both the ambient conditions and size and average temperature of 
the melt at the end of the heating period. Thus a longer 
removal time must cause a decrease in temperature and therefore 
an increase in the viscosity of the melt. One would expect then 
for an extremely high value of heat removal time (24 seconds, 
four times the standard) to produce a cold joint which would 
fail rapidly when under test. However. failures in both 63 and 
90mm have resulted from slow crack growth. While all the four 
samples in the 63mm pipe systems failed in the circumferential 
plane at the weld, in the 90mm pipe all the three samples failed 
in the axial plane at the weld due to surface defect on the 
internal bead caused by irregularity in melt flow during 
welding. The lifetime for the aligned butt welds with heat 
removal times of 24 seconds was similar to the standard butt 
welds for the 63mm pipe size and for the 90mm pipe size the mean 
lifetime was halved compared to the standard aligned weld which 
had failed in axial plane at the weld. -- 
It is interesting to note that with a heat removal time of 12 
seconds (two times the standard) the mean lifetime was increased 
by 50% compared to the standard weld for 63mm pipe and for 90mm 
pipe two circumferential failures were recorded with the 
lifetime similar to 63mm pipe systems. Now, although a heat 
removal time of 12 seconds and 24 seconds did not reduce the 
lifetime significantly, it is not recommended to have such-high 
values. The butt welds in the testing programme were produced 
indoors with the ambient temperature in the range of 18 to 26°C 
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whereas in the field one needs to take into account the very 
low temperatures in winter and also the chilling factor of wind 
which may well produce a cold joint . 
(iii) Effect Of Welding Pressure The effect of increasing 
welding pressure would be to produce a thin melt flow zone and 
farce the most of the softened material into the bead. However, 
the ratio of d/t does not seem to vary significantly. No 
failures were observed for butt welds produced under varying 
welding pressure, so the comment is restricted to the fact that 
the performance is at least as good as the standard if not 
better and may be independent of welding pressures examined (0.5 
times and 2 times the standard welding pressure). 
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Table 4.15 Influence of welding conditions on fatigue testing of aligned butt 
welds in Rigiden 002-50 XDPE pipe. 
Humber Of Cycles To Failure 
Velding Condition/ Pipe Outside Diameter, mm 
Parameter 
63 90 
Standard 58,290 81,570 82,200(P) 195,390(P) 
60,150 96,090 104,280(A) 213,240(P) 
63,300(A) 132,060 137,160(A) 233,160(P) 
73,620 160,260 192,750(A) 260,790 
]lean ± s. d. 90,668 t 37,202 177,371 t 63,172 
(coeff. variation) (. 410) (. 356) 
Heat Soak Time 87,390 134,190 >300,000 (139,050(P1)] 
30 secs. 124,890 152,640 >300,000 (215,760(P1)] 
>300,000 [291,030(P1)] 
lean ± s. d. 124,778 t 27,464 >300,000 (215,280(P1)] 
(coeff. variation) (. 220) 
Heat Soak Time 56,910 71,880 124,620 ( 84,660(P1)] 
180 secs. 68,430 72,960 134,220 
220,320 (168,000(P1)] 
Xean ± s. d. 67,545 ± 7,349 159,720 ± 52,700 
(coeff. variation) (. 109) (. 330) 
Heat Removal Time 61,800 147,030 77,190 137,040(P) 
12 secs. 84,960 >178,620 126,330 303,600(P) 
Wean ± s. d. 118,103 ± 54,060 >161,040 ± 98,548 
(coeff, variation) (. 458) (. 612) 
Heat Removal Time 85,260 99,240 67,230(A) 94,260(A) 
24 secs. 87,000 103,050 69,030(A) 
lean ± s. d 93,638 ± 8,836 69,030 t 15,113 
(coeff. variation) (. 095) (. 197) 
Velding Pressure 128,670(P1) 184,680(P2) 
0.5 x standard 157,860(P1) 232,350(P2) 
188,400(P) 
Mean ± s. d. 158,400(P1) ± 29.868 
(coeff. variation) (. 189) 
Velding Pressure 58,650(P1) 184,680(P2) 
2.0 x standard 63,180(P) 
141,180(P1) 189,300(P2) 
Wean ± s. d. 87,670(P1) ± 29,868 
(coeff. variation) (. 529) 
Table 4.16 Ratio of weld bead height, d to pipe wall thickness, t and weld bead 
height to weld bead width, w for aligned butt welds in 63 and 90mm XDPE pipes 
produced under different welding conditions. 
Welding Condition 
Parameter 
Inside Outside 
d/w d/t d/w d/t 
63mm, HST=30 . 608±. 145 . 560±. 076 . 448±, 043 . 464±, 040 
63mm, HST=180 . 772±. 118 . 923±. 062 . 425±, 045 . 676±. 085 
63mm, HRT=12 . 435±. 011 . 555±. 014 . 429±. 024 . 468±. 055 
63mm, HRT=24 . 509±. 026 . 617±. 044 . 521±. 130 . 487±. 062 
90mm, HST=30 . 367±. 011 . 321±. 007 . 393±, 038 . 295±. 021 
90mm, HST=180 . 480±. 072 . 595±. 014 . 438±. 035 . 497±. 014 
90mm, HRT=12 . 428±. 014 . 325±. 032 . 464±. 032 . 408±. 078 
90mm, HRT=24 . 424±. 096 . 377±. 026 . 472±. 017 . 419±. 066 
90mm, VP x .5 . 413±. 006 . 460±. 026 . 360±. 002 . 361±. 031 
90mm, VP x2 . 381±. 032 . 405±. 015 . 417±. 010 . 390±. 016 
Notes: HST = Heat soak time in seconds, HRT = Heat removal time in seconds 
VP = Welding pressure. 
4.5.0 Discussion: Fatigue And Stress Rupture Performance 
Of Butt Fusion Velds 
Introduction The preliminary field survey to assess the 
magnitude of axial misalignment occurring during the. 
installation of MDPE pipe has shown that-' a_--gross axial 
misalignment. -tbf 15-20%. -'of the wall thickness can occur in 
practice. The consequence of such grossly misaligned butt welds 
was perfectly illustrated in the control experiments involving 
fatigue and stress-rupture testing. The evidence presented in 
the section 4.1 and 4.3 illustrates clearly that the fatigue and 
stress-rupture lifetimes are strongly influenced by the presence 
of small axial misalignments. 
From the performance data recorded for two grades of 
polyethylene and three different pipe sizes in the tables, 4.1 
to 4.5 and 4.10 to 4.11 and also from the relationship between 
fractional mislaignment and lifetime shown in figures 4.1-4.2 
and 4.5 it is clear that butt weld lifetime reduces with 
increasing axial misalignment. For instance, the lifetime of a 
9% misaligned butt weld in 63mm SDR11 Rigidex 002-50 pipe is 
reduced on average by 26% compared to aligned butt welds, whilst 
that of 18% is reduced by 50%. Even greater reductions were 
noted for butt welds in 90 and 125mm pipe systems. Such 
performance data has already provided useful design information 
for polyethylene pipelines in the water and chemical process 
industries. The discussion presented here will concentrate upon 
specific areas of behaviour which promote an understanding of 
the mechanical performance of polyethylene pipelines and the 
process leading to instances of premature and potentially 
hazardous failures at butt fusion welds. 
There are two consistent observations which need to be 
elucidated those being the circumferential failure at the weld 
and the reduction in lifetime with increasing misalignment, at. a 
given test pressure range. Firstly, the fact that plane of 
fracture for the misaligned butt weld failures (in total 122 
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under fatigue and 61 under stress-rupture) predominately was 
circumferential at the weld. Crack propagation was therefore 
primarily in response to the axial stresses. Secondly, the 
reduction in the lifetime with increasing magnitude of axial 
misalignment at a given AP implies that the axial stress must 
increase with the axial misalignment. Thus the effect of axial 
misalignment is to effectively increase the axial stress. 
Amplified Axial Stress An axial stress expression which takes 
into account axial misalignment is required. Two expressions 
are considered and their validity is then examined by applying 
them to the experimental data. 
(1) Ory's Equation As mentioned in section 2.2.6, Reinke and 
Potente (125) quote Ory's (87) work in which the increase in 
axial stress, (r. and hoop stress, va, due to axial misalignment 
as defined in figure 2.10(a) can be accounted for by the 
following equation: - 
o'" =P (d - t) (1 + ag> (2.20) 
4t t 
o'r, =P (d - t) (1 + 0.2789 p. ) (2.21) 
2t t 
where P= applied internal pressure, d= outside diameter, 
t= wall thickness and e= axial displacement. 
Using equations (2.20) and (2.21) on a SDR11 pipe at two 
different pressures, the increase in the hoop and axial stress 
with increasing misalignment, which is expressed as; a percentage 
of nominal wall thickness, is shown in figure 4.6(a). From 
figure 4.6(a) it is clear . 
that it is the T axial stress which 
responds significantly to axial -misalignment, the hoop stress 
increasing only slowly with increasing axial misalignment. 
For instance, for an axial misalignment of ' 10 'per" cent 
'of the 
wall thickness, the increase in hoop stress is only 3% while 
the axial stress increases by 30%. For the case of axial 
- 111 - 
6.5 
5.0 
z 
U) 
U) 
w 
U) 4.0 
0 
0 
J 
3.0 
G 
J 
a 
2.0 
j ah, P= 10 BAR 
Q., P= 10 BAR 
()-h, P=5BAR 
Qä, P=5BAR 
6. C 
0.0 L- 
00 
1.0 
lu 20 30 40 50 
FRACTIONAL MISALIGNMENT -% 
Fig. 4.6(a) Increase in axial/hoop stress due to fractional axial misalignment 
(e/t) based on Ory's equation (Eq. 2.20 and 2.21) for AP=10 bar and 5 bar. 
misalignment of 20 per cent of wall thickness the increase in 
hoop and axial stresses are 6 and 60% respectively over the 
aligned weld. However, it is also apparent that while axial 
stress increases with axial misalignment it is still less than 
the hoop stress up to 44% misalignment. Therefore the axial 
stress alone is not responsible for initial- initiation of 
misaligned butt weld in reality. This point-and the limitation 
of the approach adopted here will be discussed after the second 
expression is introduced. 
(Ii) Nominal Axjal S ess At Mißa1igneý Butt Melds 
An expression similar to equation 2.21 can be derived in the 
following manner. The axial or longitudinal stress in the pipe 
remote from the weld is known, hence the longitudinal force, F. 
in the pipe is known and given by <4.1) 
Fm = (roh As. (4.1) 
where A. is the area of at perfect annulus. 
With the knowledge of F. and the area of misaligned annulus, A.. 
that is the offset circles - see figure 4.7(a) the nominal 
axial /longitudinal stress, a... m acting on the geometry shown in 
figure 4.7(a) is given by 
o'.. ºý. _Fs (4.2) 
A. = 
Note the above-equation gives a nominal axial stress acting on a 
misaligned butt weld of the geometry shown-in figure 4.7(a). In 
equation 4.2 A, . was determined numerically using Simpson's rule 
for each of the offset circles corresponding to each of the 
magnitudes of misalignment. Hence vm. m was calculated for 
9,18,35 and 44% misaligned butt welds and a plot of a.. verus 
fractional misalignment was made as shown in figure 4.6(b). The 
curve 1 in figure 4.6(b) is based on equation 2.20 while curve 2 
is based on nominal axial stress and the equation of the line 
for the curve 2 is 
- 112 - 
6.; 
IE 
z 
2 
co 4.0 N 
W 
F- 
y 
J 
ä 3.0 
G 
W 
U. 
J 
a 
2.0 
6.0 
5.0 
I 
I 
2 
0.0 L- 
00 10 20 30 40 50 
FRACTIONAL MISALIGNMENT -% 
Fig. 4.6(b) Increase in axial stress due to fractional axial misalignment, 
curve 1 based on equation (2.20) and curve 2 on nominal axial stress at the 
misaligned butt weld. 
1.0 
o. = P(d - t) (1 + P. ) (4.3) 
4t t 
The difference between equation (2.20)and (4.3) is the constant 
in front of the term e/t, it is 3 in equation (2.20) and 1 in 
equation (4.3). It would appear as if the constant 3 in 
equation (2.20) takes into account the stress concentrator 
factor whereas equation (4.3) does not. In general, then the 
increase in axial stress can be given by an expression 
P(d- t) (1+ ) (4.4) 
4t t 
It is acknowledged that the derivation of equation (4.3> is 
based on a simplistic approach and it is considering the nominal 
axial stress acting on the misaligned geometry shown in the 
figure 4.7(a). However, by choosing an appropriate value for 
constant C in equation 4.4 one can take into account the stress 
concentration effect due to a staggered weld and also due to 
notches which are present in reality - see figure 5.9. 
The derivation of an equation which takes into account the 
stress concentration due to staggered butt weld geometry. =and 
also the notches using fracture mechanics concepts is beyond the 
present task. To the authors knowledge the geometry shown in 
figure 4.7(a) has not been analysied utlising fracture 
mechanics. However, the circumferential growth from inside 
circumferential grove in a pipe as shown in figure 4.7(b) has 
been analysied - see reference 205-208. Such a geometry cannot 
be modelled to the current problem. 
Equation 4.4 is utilised to calculate the axial stress for a 
range of C values from 0.5 to 4 in order' to' determine the-" 
optimum value for the constant to describe the experimental data 
for the relationship of : 
Logarithm (amplified axial stress) V Logarithm (time to faliure) 
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Fig 4.7(a) Misaligned butt weld geometry, (b) circumferential crack in the 
pipe. 
Linear Regression analysis is applied and a correlation 
coefficient, r, a measure of how well a model accounts for the 
data is employed in order to ascertain the optimum value of C. 
All the regression analysis was executed on the computer. 
Regression analysis assumes the normal distribution for the 
lifetime and variance to remain constant. If the approach 
adopted here is valid (use of equation 4.4 to calculate 
amplified axial stress), then it would enable the plot of axial 
stress range and lifetime as a function of misalignment shown in 
figure 4.3 to be converted into one of amplified axial stress 
range against lifetime such that instead of the four/five curves 
shown in figure 4.3, the data would fall into one mastercurve. 
The bi-logarithmic plot is widely used and is a standard 
convention to provide the stress-rupture lifetime data of PE 
pipes. For example, the European Graphical Method and North 
American Method, whereas the semi-logarithm plot method is the 
so called Russian method of predicting creep rupture life. In 
both these presentation methods, it is the pipe hoop stress 
which is under consideration and time to failure is in hours. 
In the current form, axial stress was chosen because of the 
predominate failure of butt welds in the circumferential 
fracture plane and the time to failure is regarded as the number 
of cycles to failure in the fatigue case and testing time to 
failure in hours under stress- rupture conditions. 
The fundamental bases on which the logarithm - logarithm plot is 
based on is the phenomenological creep equation proposed by 
Sherby (see reference 12) 
A<_(n-)" expC (4.5) 
(E(T)) ( KT ) 
Where E is the strain rate, E (t) is the time dependent 'elastic 
modulus and n is a constant. If a constant failure strain is 
assumed this leads to the expression 
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lna = e- + lnE(T) - n-'1nA + n-llnt" (4.6) 
nkT 
1ogor = M, + M2logtf (4.7) 
Equation 4.6 is a basis for the bi-logarithmic plot which is 
used in the European Graphical Method and North American Method. 
For all the data analysis, amplified axial stress was computed 
utlising the measured mean outside diameter, minimum local wall 
thickness at the failure site and measured maximum misalignment 
at the failure site. The only exceptions were the Rigidex 002- 
60 MDPE pipe data for both fatigue and stress-rupture case where 
nominal values were assumed. 
4.5.1 Reduction In The Fatigue Performance of Misaligned Butt 
Fusion Weld 
(i) 63mm Pipe systems The correlation coefficients r for bi- 
logarithmic, log (amplified axial stress) versus log (number of 
cycles to failure), using equation 4.4 for a range of C value 
from 0.5 to 4 to evaluate the amplified axial stress are shown 
in the table 4.17 for Rigidex 002-60 HDPE and Rigidex 002-50 
MDPE data. Rigidex 002-50 MDPE data generated at &P=9.5 bar is 
considered in the table 4.17 and nominal values of misalignment 
were assumed. It can be seen from the table 4.17 that although 
the change in r is not significant, the highest r value occurrs 
when C=3 for both the grades of PE implying optimum value of C=3 
is preferred for these data. Rigidex 002-60 HDPE data seems to 
give a better fit (r=. 953) compared to Rigidex 002-50 HDPE (when 
r=. 881). 
Figure 4.8 displays the curve for the two grades of PE on a 
logarithm of amplified axial stress range against logarithm of 
number of cycles to failure. The amplified axial stress 
calculated for the plot using equation 2.20. The data obtained 
from a range of misaligned butt weld tests at one pressure range 
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Table 4.17 Linear correlation coefficient, r for bi-logarithmic plot using 
equation (4.4) for C--0.5 to 4.0 to compute amplified axial stress: analysis 
based on 20 and 35 data points for 63mm SDR11 in Rigides 002-60 HDPB and in 
Rigides 002-50 MDPE pipe systems respectively. 
Linear Correlation Coefficient 
C Rigidex 002-60 Rigidex 002-50 
0.5 . 944 . 867 
1.0 . 947 . 871 
1.5 . 949 . 875 
2.0 . 951 . 877 
2.5 . 953 . 879 
3.0 . 954 . 881 
4.0 . 955 . 883 
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only nevertheless does fall onto the straight line as expected 
from the use of amplified axial stress. The gradient of the 
line for Rigidex 002-60 HDPE is . 443 and for Rigidex 002-50 NDPB 
is . 494. 
It is apparent that the performance of aligned and misaligned 
butt welds in Rigidex 002-50 )IDPE pipe is superior by a factor 
of 3 compared to Rigidex 002-60 HDPE. This observation 
contradicts the anticipated performance since, in general, the 
fatigue performance of a polymer is expected to improve with 
increase in molecular weight and crystallinity. For example, 
De Charantenary at al (192) found the fatigue crack prdpagation. 
FCP rate decreased with . increasing molecular weight and a 
fourfold decrease-was noted in FCP rates in unpigmented HDPE 
when percentage crystallinity increased from 47 to 55. 
Therefore it would appear the Rigidex 002-60 HDPE is inferior to 
Rigidex 002-50 MDPE because of different use of pigment or some 
other unknown factor. Note that Rigidex 002-60 grade was 
withdrawn in mid 1983 and is no longer avalible. 
Table 4.18 contains correlation coefficient values for Rigidex 
002-50 MDPE pipe systems based on 70 data points generated at 
three different pressure ranges with five different magnitudes 
of misalignment. Measured pipe dimensions and misalignment 
values were used to calculate the axial stress in equation 4.4 
for C=0.5 to 4. It shows that r is highest for C=1.5 indicating 
the optimum value of C=1.5 is preferred for the best fit data. 
Figure 4.9(a) gives the bi-logarithmic plot for Rigidex 002-50 
pipe systems based on 70 data points. Equation 2.20 was applied 
to compute the amplified axial stress for consistency purpose 
with figure 4.8. Note the five curves which'were presented in 
the figure 4.3(a) have merged into one master, curve suggesting 
the approach adopted here is a correct one. The solid line in 
figure 4.9(a) is the best fit line based on regression analysis 
of 70 data points generated at AP=6.5.8.0 and 9.5 bar for five 
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different misalignment with testing times to failure ranging 
from less than 100 to 4000 hours. 
(ii) 90 and 125mm Pipe Systems The correlation coefficients 
for the logarithm (amplified axial stress) versus logarithm 
(number of cycles to failure) plot utlising equation (4.4) for 
C=0.5 to 4 to determine the amplified axial stress are included 
in the table 4.18. It indicates that for 90mm pipe systems, the 
optimum value of C=3 is preferred in equation 4.4. Whereas for 
125mm pipe system, the optimum value of C is 2.5. 
Figure 4.9(b) and (c) display the bi-logarithm plot for 90mm and 
125mm data respectively. The amplified axial stress for these 
plots was determined with the aid of equation (2.20). Note once 
again the data produced from three/four different magnitudes of 
misalignment and at least two different pressure ranges fall 
onto one master curve. 90 and 125mm data tends to have a better 
fit compared to 63mm. -However, the number of data points for 90 
was less than half and for 125mm was less than a third of 63mm 
data. 
The gradients of best fit lines shown in figure 4.9(a), (b) and 
(c) are provided in the table 4.19. The slope is similar for 63 
and 90mm data (-. 2922 and -. 2802 respectively) while it is less 
for 125mm data (-. 3369) by 15% compared to 63mm. Figure 4.10 
shows the best fit line for 63,90 and 125mm data on one plot. 
There does not appear to be any significant change in the 
performance of misaligned butt welds with increasing pipe size. 
However, for 125mm pipe systems a minor improvement in the 
performance of misaligned butt welds compared to 63mm pipe 
systems is detectable. These may be due to the, fact that, rate 
of pressurisation of the 63mm pipe systems was almost twice that 
of 125mm. 
Whilst little or no change in the performance of misaligned butt 
welds is detectable with increasing pipe outside diameter, the 
performance of aligned butt welds noticably increases with 
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increasing pipe size - see table 4.6(b). In addition, of all 
the aligned butt welds tested, half in 90 and all the butt welds 
in 125mm did not fail in the circumferential plane at the weld. 
The observed improvement in the aligned butt weld may be 
attributed to one of the following or any combined effects; 
(a) Assuming the performance of aligned butt welds is 
sensitive to changes in the rate of pressurisation then the 
improved performance of aligned welds in 90 and 125mm may be due 
to the fact that rate of pressurisation was different to that of 
63mm. The rate of pressurisation for 63mm pipe systems was 1.2 
and 1.6 times greater compared to 90mm whilst it was 1.6 and 2.0 
times greater compared to 125mm at &P=9.5 and 6.5 bar 
respectively. The effect of decreasing pressurisation rate is 
to decrease the strain rate and thus change the material 
behaviour. It is well known that with increasing strain rate 
the Young's modulus and yield strength of polymers increase and 
material becoming stiffer. A stiffer material usually tends to 
show less tendency to absorb energy and is less tough. 
(b) Assuming the bead size influences the performance of 
aligned butt welds then the improvement in performance may be 
attributed to the fact that there is a relative decrease in the 
bead size compared to pipe wall thickness with increasing pipe 
outside diameter - see table 4.7. At first sight it might 
appear that with increasing the bead size one is reinforcing the 
aligned weld region by effectively increasing the cross- 
sectional area at that region. However such an effect is not 
realised because butt welds inherently'-%- contain notches, there 
exists a notch between the weld bead and the pipe surface - see 
figure 5.9. Thus instead of a large bead reinforcing, a large 
bead might be acting as a constraint in that region. 
(c) The effect of (a) and (b) leads to decrease in the 
circumferential crack growth rate in 90 and 125mm compared to 
the 63mm for the aligned butt weld. 
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Table 4.18 Linear correlation coefficient for bi-logarithaic plot utilising 
equation (4.4) for X0.5 to 4.0 in increments of 0.5 to evaluate the amplified 
axial stress: analysis for Rigidex 002-50 NDPE pipe systems data. 
Linear Correlation Coefficient 
C Pipe Outside Diameter, mm (Data Points) 
63 (70) 90 (33) 125 (17) 
0.5 . 814 . 790 . 830 
1.0 . 893, - . 
875 . 919 
1.5 . 909 . 905 . 954 
2.0 . 894 . 922 . 965 
2.5 . 893 . 924 . 967 
3.0 . 876 . 923 . 964 
4.0 . 850 . 917 . 956 
Table 4.19 Gradient of the line for the bi-logarithmic plot using equation(2.20) 
to calculate amplified axial stress. 
Gradient Of The Line 
Pipe Outside Diameter, mm 
63 90 125 
-. 2922 -. 2802 -. 3364 
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Equation 4.4 has been applied to model the increase in axial 
stress due to axial misalignment at the butt weld in 63,90 and 
125mm pipe systems for C values ranging for 0.5 to 4. Optimum 
values for C in equation 4.4 seems to be specific to pipe 
diameter. However, since the variation in correlation 
coefficient was less than 1% to a maximum of 5% for C value in 
the range 1 to 3, it is concluded C value of 3 and hence 
equation 2.20 adequately describes all the fatigue data on the 
bi-logarithmic plot. 
4.5.2 The Temperature Dependence Of The Fatigue Performance Of 
Aligned And Misaligned Butt Fusion Velds In 63 And 90na Pipe 
Systems 
A selected number of aligned and misaligned butt welds in 63 and 
90mm pipe systems were tested at one pressure range and at test 
temperatures of 59,69 and 79aC. The aim was to establish the 
temperature dependence relationship with the lifetimes which 
would provide some guide to likely performance of butt welds at 
lower temperatures. 
An Arrhenius plot of the performance of 44% fractionally 
misaligned butt welds in 63mm Rigidex 002-60 HDPE is shown in 
figure 4.4(a), while figure 4.4(b) gives the same form of a plot 
for 18% fractionally misaligned butt weld in 63 and 90mm Rigidex 
002-50 MDPB pipe. The curves for aligned butt welds are omitted 
since none of the aligned butt welds at 59°C had failed and 
besides, for 90mm pipes, there was only one butt weld failure in 
the circumferential plane at 79°C. However, the lifetimes are 
provided in the table 4.9. 
Considering the Arrhenius plot for misaligned butt welds only, 
and assuming the relationship between the logarithm of-number_of 
cycles to failure and reciprocal of absolute temperature, is 
linear, then extrapolating the best straight line based onithe 
regresion analysis prediction of performance to lower 
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temperatures can be made. The best fit line shown in figure 
4.4(a) and (b) is based on the mean number of cycles to " failure 
with correlation coefficients of 1, . 997 and . 987 for 63mm 
Rigidex 002-60 HDPE, 63mm Rigidex 002-50 MDPE and 90mm Rigidex 
002-50 MDPE pipe system respectively. The gradients for these 
lines are similar; 5621,5489 and 6048 respectively. The slope 
of the line on an Arrhenius plot is proportional to activation 
energy, hence the activation energy for the three pipe systems 
under consideration is similar as one would have expected since 
material was similar. 
The prediction of performance at lower temperatures is made here 
purely to provide some form of a guideline and since the 
temperature dependence was only examined at three temperatures 
with an interval of 10°C, too much importance should not be 
attached and data should be used with caution. For 44% 
misaligned butt weld in 63mm Rigidex 002-60 HDPE pipe, 
extrapolating the best straight line to one decade beyond the 
lifetime at 591C it predicts that at 39°C the number of cycles 
to failure will be about 700,000 or total testing time of 2333 
hours (14 weeks). It is normally not advisable to extrapolate 
the straight line beyond one decade but for the purpose of an 
estimate in order to gauge some idea of its performance at 20°C, 
the line when extrapolated, predicts number of cycles to failure 
of about 9,000,000 or a total testing time of 30,000 hours (1250 
days or 3.5 years). The above exercise shows that a butt weld 
in Rigidex 002-60 HDPE having 44% fractional misalignment 
subjected continuously to pressure ranges of 9.33 bar <Affrº 
4.73MNm 2) at a frequency of 5cpm using a trapeýzodial wave form 
may fail in about 3.5 years time, falling well short of minimum 
design lifetime of pipe system of 50 years which include a 
safety factor of 1.3 or 2. 
In the case of 18% misaligned butt welds in 63 and 90mm Rigidex 
, 
002-50 MDPE, the predicted number of cycles to failure for these 
systems at 39°C are about 4.1x106 (1.5years) and 7.5x106 
( 3years) respectively. whereas the predicted number of cyles 
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to failure at 20°C are approximately 52x106 («20 years) and 
120x1011- (-46 years) respectivley. Therefore, if a butt weld 
having a misalignment of magnitude 18% of the pipe wall 
thickness in SDR11 63 and 90mm Rigidex 002-50 ]4DPE pipe were 
subjected continuously to a pressure range of 9.5 bar at 5 cpm 
using the trapezodial waveform then they may fail in about 20 
years and 46 years time respectively. This again falls short of 
minimum design life of pipe system of 50 years. 
The above prediction although based on limited test temperatures 
illustrates that a grossly misaligned butt weld will reduce the 
lifetime below the 50 years design lifetime of pipe systems. 
Hence care must be taken to align the butt weld and minimise the 
misalignment to below 10% of the pipe wall thickness. 
4.5.3 Reduction In The Stress-Rupture Performance Of Misaligned 
Butt Fusion Velds 
Stress-rupture performance data is analysed in two main ways. 
Firstly, the reduction in the stress-rupture performance of 
misaligned butt fusion welds is analysed using the same criteria 
as in the fatigue case. Equation 4.4 is employed to model the 
increase in axial stress for C values in the range of 0.5 to 4 
for the representation of data in the form of logarithm of 
amplified axial stress versus logarithm of time to failure. 
Secondly, the comparison of the stress-rupture performance to 
the fatigue performance at an equivalent maximum stress and the 
same temperature is considered. Note that these two forms of 
analysis are made possible because all the misaligned butt welds 
in the three pipe diameters under the stress-rupture conditions 
had failed in the circumferential plane at the weld in the 
brittle manner similar to that observed under fatigue. 
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(1) 63mm Pipe Systems Table 4.20, contains the correlation 
coefficient, r, for bi-logarithmic plots employing equation 4.4 
to compute the increase in axial stress due to axial 
misalignment for C=0.5 to 4. The correlation coefficient is 
high, but has remained constant for Rigidex 002-60 data at . 915 
and for Rigidex 002-50 data at . 872 in the range of C=2.0 to 
3.0. The failure of r to respond to change in C value infers 
that the analysis is not sensitive enough to detect the changes 
or that it may be due to the fact that nominal dimensions of 
pipe and nominal value of axial misalignment were assumed in the 
determination of ate. 
Table 4.21 provides correlation coefficient values for 63mm 
Rigidex 002-50 pipe systems where the amplified axial stress 
was determined using measured dimensions of pipe and measured 
misalignment. It shows r is highest for C=3 and compared to 
values recorded in table 4.20 r changes with C. 
Figure 4.11 shows the stress-rupture plot for the two grades of 
polyethylene. The stress-rupture curve for Rigidex 002-50 MDPE 
pipe lies well to the right of Rigidex 002-60 HDPE pipe. The 
performance of misaligned butt welds in MDPE is better by a 
factor of 50 compared to HDPE. This seems to contradict the 
Muller and Gaube (91,113) observation who indicated the stress- 
rupture performance increased with increasing molecular weight 
and increasing density. The reason for the inferior performance 
of HDPE compared to MDPE might be due to the different use of 
pigment, since the performance of a given grade of MDPE is also 
specific to the use of pigment. 
(ii) 90 and 125mm The correlation coefficient values for the 
analysis of limited 90 and 125mm data are given in table 4.21. 
Since the analysis involves only 10 data points, it is not 
surprising that there is no significant change in r with C. 
However there is a trend in r values and it appears that the 
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Table 4.20 Linear correlation coefficient, r for bi-logarithmic plot using 
equation (4.4) for C=0.5 to 4.0 to compute amplified axial stress: analysis 
for stress-rupture data based on 21 and 23 data points for 63mm SDR11 in 
Rigides 002-60 HDPE and in Rigidex 002-50 MDPE pipe systems respectively. 
Linear Correlation Coefficient 
C Rigidex 002-60 Rigidex 002-50 
0.5 . 915 . 868 
1.0 . 915 . 870 
1.5 . 915 . 871 
2.0 . 915 . 872 
2.5 . 915 . 872 
3.0 . 915 . 872 
4.0 . 914 . 870 
Table 4.21 Linear correlation coefficient for bi-logarithmic plot utilising 
equation (4.4) for C--0.5 to 4.0 in increments of 0.5 to evaluate the amplified 
axial stress: analysis for stress-rupture butt welds in Rigidex 002-50 XDPE pipe 
systems data. 
Linear Correlation Coefficient 
Pipe Outside Diameter, mm (Data Points) 
C 
63 (23) 90 (11) 125 (10) 
0.5 . 804 . 953 . 977 
1.0 . 882 . 967 . 982 
1.5 . 898 . 968 . 983 
2.0 . 905 . 967 . 984 
2.5 . 909 . 967 . 984 
3.0 . 909 . 966 . 984 
4.0 . 909 . 965 . 985 
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optimum value of C is 1.5 fc 
analysis tends to confirm that 
stress is correct one. 
90mm stress-rupture data, the 
the approach of amplified axial 
Figure 4.12 displays the bi-logarithmic plot which shows the 
curves for 63,90 and 125mm stress-rupture data. It indicates 
that the stress-rupture performance of misaligned butt welds 
tends to decrease with increasing pipe outside diameter to 90 
and 125mm. For example for 18% misaligned butt welds the 
lifetime in 90 and 125mm pipe is reduced by half compared to 
63mm performance. In contrast to the effect noted under 
fatigue, stress-rupture results seem to show that there might be 
a pipe diameter effect. However, there is no substantial 
difference in the lifetime of misaligned butt welds between 90 
and 125mm. 
Stress-rupture curves for all the three pipe sizes in figures 
4.12(a), (b) and (c) are to the right of the manufactures line, 
thus implying that performance of misalignment butt welds met 
the manufactures specification and were well within the standard 
minimum specified time of 170 hours at 80°C and at 4MPa. To 
take full advantage of the improved grade of pipe material it 
should be realised that the misalignment must be kept below 10% 
None of the aligned butt welds in 90mm and 125mm pipes had 
failed and only three out of eight in 63mm. This implies pipe 
to pipe aligned butt welds are not a source of weakness if 
manufacturer's recommeded conditions of temperature and pressure 
are used and pipes are aligned correctly. It also confirms the 
general observation made by the research workers (49,73,95, 
88) in the field of pipe testing that under stress-rupture the 
samples do not fail at the weld but in the pipe itself. 
Comparison of stress-rupture performance to fatigue is made in 
two different ways: 
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(a) Performance is defined by total testing time, t, 
since in practice it is the total testing time to failure that 
is normally recorded for service failures. 
(b) since the applied wave form under fatigue was a 
trapezodial type, a pseudo stress-rupture or cyclic stress- 
rupture lifetime t1 can be defined as 
tr = Nrtmýc (4.8) 
where Ni' is the number of cycles to failure and tm.,. is the 
maximum time under the load - see figure 4.13. This concept has 
been utilised to allow comparisons to be made between stress- 
rupture and fatigue data (see reference 99,108,109). If tsr-tf, 
then butt welds exhibit no substantial weakness under fatigue. 
If however, t,. r » ti, the reverse is true. ts. is the stress- 
rupture lifetime and for stress-rupture t.. = t; for fatigue 
t= Nrtc where to is the cyclic time. 
Finally an attempt is made to predict the fatigue performance 
from stress-rupture lifetimes assuming cumulative damage 
principles. An equation similar to that quoted by Staple (99) 
can be used to predict number of cycles to failure: 
N. t.. ) (4.9) 
(t.. 
")T. v 
(1) Rigidex 002-60 HDPE Pipe Table 4.22 contains the ratios 
of ts,. /t and tmw. /tr , whilst figure 4.14 displays the stress- 
rupture and fatigue performance of misaligned butt welds in 
terms of t, tf and t,. P. It shows that in terms of total testing 
time to failure, aligned butt welds in Rigidex 002-60 HDPE pipe 
under stress-rupture are marginally better (1.5 times) compared 
to under fatigue, while there was no change in the stress- 
rupture performance of misaligned butt welds compared to under 
fatigue. Comparison of stress-rupture performance to fatigue in 
terms of a practical parameter, t indicates that for Rigidex 
002-60 HDPE tested at a maximum pressure of 9.33 bar shows there 
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does not seem to be any fatigue weakness. This seems to imply 
at high stress, fatigue may not be a serious problem for Rigidex 
002-60 HDPE. However when stress-rupture performance is 
compared to fatigue in terms of a more fundamental parameter, ti 
a fatigue weakness is exposed in both aligned and misaligned 
butt welds. 
(ii) Rigidex 002-50 MDPE Pipe The ratio of tie.. /t and t... /tv 
for 63,90 and 125mm Rigidex 002-50 MDPB pipe systems are 
provided in the table 4.23. The curves in terms of t, tr and 
tom. - for stress-rupture and fatigue performance of misaligned 
butt welds are shown in figure 4.15. The table 4.23 indicates 
that whether one considers t or tT, fatigue weakness in Rigidex 
002-50 MDPE is clearly shown; stress-rupture performance is 
superior to fatigue by more than an order of magnitude. 
The aligned and 9% fractionally misaligned butt welds tend to 
show a severe fatigue weakness compared to 20% and above 
misaligned butt welds. With increasing pipe diameter to 90 and 
125mm, highly misaligned butt welds (18-44'%) suggest that the 
intensity of fatigue weakness is decreasing. Although the 
comparison of stress-rupture to fatigue is made at one pressure, 
it is apparent from table 4.23 one needs to consider 
misalignment and fatigue critically when designing pipe systems. 
On the question of fatigue weakness, one can only speculate that 
under fatigue the crack propagation mechanism, is highly active 
and responsive compared to under stress-rupture for a given 
maximum stress. The crack tip blunting mechanism might not be 
operating as effectively under fatigue as it does under stress- 
rupture. 
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Table 4.22 Comparison of stress-rupture lifetime to fatigue for 63mm SDR11 
Rigides 002-60 HDPE pipe systems. 
Nominal Fractional 
Misalignment, % 
t. -/t t. r/tf 
00 1.5 4.2 
09 1.1 3.1 
18 1.3 3.4 
44 1.0 2.7 
Table 4.23 Comparison of stress-rupture lifetime to fatigue for three pipe 
systems in Rigidex 002-50 XDPE. 
Nominal Fractional 
Misalignment, % 
ts. -/t ts.. /tf 
63 90 125 63 90 125 
00 25 05 12 82 14 - 
09 44 13 08 126 39 28 
18 21 10 05 44 29 16 
35 12 - - 34 - - 
44 13 04 03 36 12 10 
Table 4.24 Comparison of predicted number of cycles to failure to experimental 
observed number of cycles to failure. 
Npredict/Nexpt 
Nominal Fractional Rigidex 002-60 Rigidex 002-50 
63 63 90 125 
00 4.1 67 >13 >15 
09 3.0 117 32 46 
18 3.3 50 28 15 
35 - 32 - - 
44 2.6 36 12 10 
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4.5.4 The Influence Of Velding Conditions On The Fatigue 
Perforffince Of Aligned Butt Fusion Velds 
The independent effect of three welding variables, heat soak 
time, heat removal time and welding pressure were investigated 
in 63 and 90mm Rigidex 002-50 KDPE pipes to indentify the 
variable which would reduce the performance of aligned butt 
welds. The results of this examination are highlighted in table 
4.15. Of the three variables considered some variation in 
performance with the first two variables was detectable. 
(i) Heat Soak Time The effect of decreasing the heat soak 
times was to increase the performance of aligned butt welds in 
63 and 90mm pipes. Since the heating pressure and the heater 
plate temperature were held constant, the amount of melt formed, 
and hence the weld bead size, was solely dependent on the time 
of heat appliction. Decreasing the heat soak time decreases the 
weld bead size - see table 4.16. The increase in the 
performance may be due to a decrease in the weld bead size and 
supports the hypothesis that the weld bead instead of 
reinforcing the welded region could be acting as a constraint. 
With a large weld bead produced due to longer heat soak time, 
one would anticipate that the failure of a butt weld would not 
occur, since the effective cross-sectional area at the weld has 
been increased. Hence with large beads, the reinforcement 
effect might have been expected. However, the geometry of butt 
welds is such that it contains notches between the weld bead 
and pipe surface - see figure 5.9. These notches are inherent 
in the butt weld (see next chapter). 
The nature of butt welding is such that when pipe ends are being 
butted and fused together under pressure, the viscous - melt 
has 
to flow out. The melt then rolls onto the pipe wall which is at 
a much lower temperature than the viscous melt thus preventing 
the rolled melt from fusing onto the pipe wall. 'Hence the 
notches which are circumferential or at. an. angle to--the 
longitudinal direction are inherently present-An-the weld. Thus 
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the effect'-of a small weld bead (decreasing heat soak time) is 
to act as less of a constraint and retard the rate of crack 
growth. Note all the butt welds produced with heat soak times 
of 180 seconds (large bead) in 90mm pipe failed in the 
circumferential plane at the weld with the average performance 
of 159,720 cycles to failure, whereas all the butt welds 
produced with heat soak times of 30 seconds (small bead) in 90mm 
pipes did not fail after 300,000 cycles. 
The effect of a change in the heat soak time may have also 
influenced the residual stress distribution at the weld. 
However, since the fatigue testing was carried out at 79°C with 
samples initially conditioned for 24 hours at 79°G partial or 
complete relaxation of residual stresses would have occurred. 
The changes in the residual stresses due to the testing of pipes 
at elevated temperature (80°C) has been measured by Schonfild 
and Wintergerst (135), where it was noted that residual stresses 
relaxed. More recently Bhatnagor and Broutman (193) 
investigated the effect of annealing on residual stresses in 
polyethylene pipes and showed that annealing time and 
temperature altered the residual stress distribution in pipes 
and these stresses can be completely removed by annealing at 
temperature between 100°C and 120-0 for a time of approximately 
one hour. 
<ii) Heat Removal Time The effect of heat removal time 
depends upon the time taken for the temperature to fall to a 
certain value. Therefore it would be dependent on both the 
ambient conditions, and the size and average temperature of the 
melt at the end of the heating period. Thus a longer removal 
time must cause a decrease in temperature' and' therefore an 
increase in viscosity of the melt. Hence it was expected that 
for extremely high-values of beat removal time (24 seconds) 'a 
cold joint would be produced which would' fail instantaneously 
when under test. However, failures in both ' 63 "and 90mm pipes 
resulted from a stable crack growth with an average number of 
cycles to failures of 93,638 and 76,840 respectively. Note that 
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all the four samples in 63mm pipe systems failed in the 
circumferential plane at the weld and in the 90mm pipe all three 
samples failed in the axial plane at the weld, initiating from a 
flaw on the internal weld bead. Axial failures at welds have 
been observed by John (72) who recently carried out stress- 
rupture tests on butt welds in 90mm SDR 11 KDPE pipes made at 
low environmental temperatures (-20°C) which could be regarded 
as an equivalent of large heat removal time. He also recorded 
that the lifetime of these butt welds exceeded the minimum 
specified time of 170 hours at 80°C. 
Although heat removal times of 12 seconds and 24 seconds did not 
reduce the lifetime significantly. it is not recommended to have 
such high values. The butt welds in the testing programme were 
produced indoors with the ambient temperature in the range of 18 
to 26°C whereas in the field account of very low temperature in 
winter and also chilling factor needs to be considered, and 
which may well produce a cold joint. 
(iii) Effect Of Welding Pressure No failures were observed 
for butt welds produced under varying welding pressures, so it 
is difficult to deduce the effect of welding pressure on the 
performance of aligned welds. However, it can be remarked that 
the performance is at least as good as the standard if not 
better than the standard butt weld or, independent of welding 
pressure examined. The size of the weld bead did not change 
with the welding pressure. 
Despite an extreme change in the welding variable. - 50 to 100% 
change in heat soak time and welding pressure, .. there was no 
significant change in the lifetime of aligned welds compared to 
those recorded when misalignments of 10-44% were introduced, 
This indicates that provided the butt weld is aligned, fatigue 
performance is tolerant to a wide range of" the welding 
conditions examined, whereas fatigue performance is very 
sensitive to changes in misalignment. The observation of 
fatigue performance being almost independent- --bf " welding 
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condition&_inspected tends to confirm the findings of Atkinson 
and co-workers (41-44) and Malguarnera and Earles (45), who had 
considered extensive welding conditions and found that the short 
term welding factor did not change significantly; it was in the 
range . 95-. 98 most of the time. Wolters and Venema (73) found 
the stress-rupture lifetime of the butt welds produced under a 
range of welding conditions to be independent of the welding 
conditions examined, thus confirming the short term testing data 
cited above. 
The fatigue performance of butt welds to be almost independent 
of the welding conditions examined may alternatively be 
interpreted as such that the welding conditions examined 
produced a flow speed of melt which was above a minimum so that 
no improvement was possible (63) (see theory of butt fusion 
section 2.2.3). However, it is noted that the welding conditions 
examined were not extensive and that the welds were produced in 
laboratory conditions. Adherence to the recommended welding 
conditions is still considered vital it order to obtain good 
welds in the field. 
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CHAPTER -5 FAILURE ANALYSIS 
5.1.0 Crack Initiation And Propagation Path Studies of 
Circumferential Butt Weld Failures 
(i) Examination The aligned and misaligned butt welds which 
failed in the circumferential plane at the weld were sectioned 
(longitudinal), polished and etched in chromic acid. The etched 
surface was sputter coated and examined with a light optical 
microscope to observe the crack propagation path in relation to 
the melt flow zone, MFZ. MFZ is defined here as the region 
where the melt was formed and made to flow during the fusion 
process. MFZ is discernible and has a distinct boundary as 
shown in figure 5.1. 
Figure 5.2 shows schematically the three types of crack 
propagation path in relation to the MFZ which were observed in 
the circumferential butt weld failures. In the type I, the 
crack initiated from the region between inner weld bead and pipe 
bore. The crack then propagates outside MFZ up to half or 
greater than half the wall thickness after which it continues to 
propagate through the MFZ until final rupture through the weld 
bead. The total path length is 'approximately the sum of the 
pipe wall thickness and weld bead height. In the type II, the 
crack initiates from the -same location as in the type I but 
propagates completely outside the MFZ to the point of final 
fracture underneath the outside weld bead which is on the same 
side as the inside bead. The total path length in this case is 
equal to the wall thickness-of the pipe. In the type III, the 
crack initiates again from same location as in the type I but 
propagates across the MFZ and failure is underneath the outside 
weld bead which is on the opposite side of the inside weld bead 
where initiation took place. The total path length in this 
case is less than the wall thickness of the pipe when the butt 
welds are grossly misaligned (44%). 
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The type I was found to be the most common by which the 
overwhelming majority of the aligned and misaligned butt welds 
failed in 63,90 and 125mm SDR11 Rigidex 002-50 MDPE pipe and 
also the highly misaligned (18% and 44%) butt welds in Rigidex 
002-60 HDPE subjected to fatigue. The type II failure was found 
to be in the nominally aligned and nominally 9% misaligned butt 
welds in the 63mm Rigidex 002-60 HDPE pipe systems. One aligned 
and one 9% misaligned butt weld in 90mm and one 9% misaligned 
butt weld in 125mm Rigidex 002-50 NDPE pipes also failed in this 
manner. The type -III failure was only associated with the 
nominally 44% misaligned butt weld failures in 63,90 and 125mm 
Rigidex 002-50 MDPE pipes subjected to stress-rupture loading. 
Figure 5.3 shows a series of low magnification optical 
photomicrographs of etched surfaces of failed nominally aligned 
and misaligned butt welds in 63mm SDR11 Rigidex 002-60 HDPE pipe 
systems. It can be seen that nominally aligned and nominally 9% 
misaligned welds failed by the type II path while 18% 
misaligned welds failed by the type I path. 
Figure 5.4 shows a series of low magnification optical 
photomicrographs 'of etched surfaces of failed nominally aligned 
and various misaligned butt welds in 63mm SDR11 Rigidex 002-50 
MDPE pipe systems while figure 5.5 shows it in 90mm SDR11 
Rigidex 002-50 MDPE pipe systems. All these failures were of 
the type I path. 
Circumferential failure of the butt welds under stress-rupture 
were also examined. None of the aligned butt welds in 90 and 
125mm pipe systems under stress-rupture had failed and only 
three out of eight aligned butt welds in 63mm pipe systems had 
failed in the circumferential plane at the weld. These three 
failures were of the type I. ' All the 9% and 18% misaligned butt, 
welds in the three pipe diameters failed in the' circumferential 
plane at welds by the type I and-the type II manner, while all 
the 44% fractionally misaligned butt welds ' in 63,90 and 125mm 
pipe systems failed by the type III route. ' Representative low 
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magnification optical photomicrograph of etched surface of 
failed misaligned butt weld failures under stress-rupture 
conditions of the type I to III are shown in figure 5.6. 
It is clear from these photomicrographs that the crack 
invariably initiated from the notch between the pipe bore and 
the weld bead. In the type I failure, it then traversed outside 
the boundary of the MFZ up to half or greater than half the wall 
thickness after which it continued to propagate through the MFZ 
until final rupture through the weld bead. It appears that the 
crack propagation is insensitive to the MFZ to the extent that 
the initial crack growth does not take place-in the MFZ and nor 
does it propagate along the boundary between the KFZ and the 
surrounding material. 
It is interesting to note two observations germain to 
circumferential failure; 
(ai The examination of axial failures at the weld obtained 
I 
under fatigue in 63 and 90mm revealed the growth of 
circumferential cracks taking place from the notch between the 
inner weld bead and pipe bore - see figure 5.16. 
(b) 63mm SDR11 DuPont Blue Aldyl 322, a different grade of 
MDPE known to have a different weld bead geometry was butt 
welded on Fusion Plastics Butt Welding Machine. Five aligned 
butt welds in this grade of pipe were tested at AP=9.5 bar and 5 
cpm at 79°C; the lifetimes. are provided in the table 5.1. All 
the five aligned butt . welds failed at the weld in the 
circumferential plane. The crack propagation path is shown in 
the figure 5.7. These weld failures also initiated from the 
inner weld bead region. 
(ii) Removal' Of The Internal Weld Bead: -- To--examine if the 
circumferential - failure in the aligned welded samples in 63mm 
SDR11 Rigidex 002-50 MDPB pipe samples had initiated from the 
notch described above, the internal weld bead was machined off 
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eight samples and in four samples internal and external beads 
were machined off. These samples were fatigue tested at a 
presssure range of 9.5 bar with a frequency of 5 cpm at 79°C. 
The results of these test together with the lifetimes of a 
straight pipe having no butt weld are given in the table 5.2. 
The following points emerge from this examination: 
(a) All the aligned butt welded samples with the internal 
weld bead removed failed in the pipe away- from the--butt weld, 
(see Fig. 5.8),, clearly indioating that the notch is responsible 
for' the observed circumferential failure of the aligned butt 
welds and the weak link in the chain is not the welded region. 
(b) Removing the internal weld bead enhanced the fatigue 
lifetime of the weld as no weld failures were observed. The 
mean lifetime was greater by a factor of three compared to the 
standard aligned butt weld. 
(c) Removal of both the internal and external weld bead 
has led to pipe of an improved quality. 
<iii> Nntch Dimensions An attempt was made to characterise the 
dimensions of the notches in aligned and misaligned butt welds 
in Rigidex 002-50 MDPE pipe systems. Longitudinal sections of 
butt welds in 63.90 and 125mm SDR11 pipes were cut, polished 
and subsequently etched in saturated chromic acid to reveal the 
melt flow zone and the position and dimension of the notch. The 
samples were sputter coated and examined in the SEN. 
The notch which initiated failure at the butt fusion welds for 
circumferential failures is formed as the weld bead rolls over 
onto the pipe. Figure 5.9 shows a series of scanning electron 
micrographs of the notches in nominally aligned and nominally 
44% misaligned butt welds in 63,90 and 125mm pipe systems. The 
dimensions of the notch are outlined in the table 5.3. At each 
combination of pipe diameter and nominal fractional 
misalignment, data from typically five different welds was used 
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Table 5.1 lumber of cycles to failure of butt welds in 63mm SDR11 DuPont's Blue 
Aldyl 322A pipe tested at ? 9°C and a frequency of 5 cpm. 
Number Of Cycles To Failure 
44,850 
59,700 
69,750 
92,750 
119,520 
Mean t s. d 77,328 ± 29,339 
(coeff. variation) (. 380) 
Table 5.2. Humber of cycles to failure of standard aligned butt welds and of 
aligned butt welds with internal bead removed in 63mm SDR11 Rigidex 002-50 pipe 
tested at AP=9.5 bar with a frequency of 5 cpa and at 79°C. 
Humber Of Cycles To Failure 
Standard Internal Veld Internal & External Straight 
Butt Veld Bead Removed Veld Bead Removed Pipe 
58,290 80,550(P) 228,150(P) 240,420 
60,150 142,380(P) 253,740(P) 271,950 
63,300(A) 153,210(P) 277,740(P) 298,950 
73,620 234,000(P) 348,150(P) 358,380 
81,570 247,380(P) >600,000 
96,090. ". 424,050(P) >600,000 
132,060 438,390(P) >600,000 
160,260 >552,720 >716,790 
lean 90,668 284,085 276,945 >460,811 
s. d. 37,202 168,207 51,608 186,922 
(coefficient of) (. 410) (. 592) (. 186) (. 406) 
( variation ) 
Notes: All the standard butt 
plane except one denoted by A 
the axial direction 
P denotes failure of the pipe 
welds failed at the butt weld in circemferential 
where failure was in butt weld but the crack was in 
remote from the butt weld. 
Table 5.3 Dimensions of the notches in the aligned and misaligned butt welds in 
63,90 and 125mm SDR11 Rigides 002-50 IIDPB pipe. 
Pipe Diameter, mm 
63 90 125 
Nominal 
Fractional Notch Notch Tip Notch Notch Tip Notch Notch Tip 
Misalignment Length Radius Length Radius Length Radius 
% pm pm pm pm µm pm 
00 1105 <1 1289 <1 1835 5 
(±104) (±97) (±199) (±2) 
09 1153 <1 1561 <1 2478 6 
(±195) (±336) (±180) (±3) 
18 1232 <1 1698 <1 2730 3 
(±110) (±441) (±380) (±2) 
44 1320 <1 2007 <2 2657 5 
(±238) (±131) (±84) (±2) 
.. V. 
Fig. 5.7 Low magnification optical photomicrograph of the 
etched surface of a nominally aligned butt weld failure in 
63mm SDR11 DuPont Blue Aldyl 322A. 
222 
Fig. 5.8 Photomicrograph showing the pipe failure 
remote from the internal weld removed region. 
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Fig. 5.9 Scanning Electron micrographs of the inner weld bead region showing 
the notches present in nominally aligned and nominally 44% misaligned butt 
welds in (a) 63, (b) 90 and (c) 125 in SDR11 Rigides 002-50 XDPE pipe. 
Now 
ti- 
to calculate the average notch length and notch tip radius; the 
standard deviation is also included. It can be seen from this 
table that: - 
(a) For both the 63 and 90mm pipes the notch tip radius 
was always small (less than lpm). For the 125mm pipe the notch 
tip radius was measurably larger (3 to 6µm). 
(b> For each pipe diameter there was a tendency for notch 
length to increase with misalignment. For the 90 and 125mm pipe 
the notches at 44% nominal misalignment were typically 50% 
longer. 
(c) At all misalignments the effect of increasing pipe 
diameter is to extend the notch size. 
5.2.0 Fractography: Ilacrofeatures 
(i) Fracture Surfaces Of Circumferential Weld Failures Fracture 
surfaces of a number of circumferential weld failures in the 
aligned and misaligned butt welds in 63,90 and 125mm Rigidex 
002-50 MDPE pipe systems tested under fatigue and stress-rupture 
conditions at 79°C were examined using a stereo light microscope 
and representative low magnification photomicrographs are shown 
in figures 5.10 to 5.14. 
The general observations which were common to all the fracture 
surfaces were as follows: - 
(a) All the failures were invariably of the brittle type 
showing no visible sign of any gross straining/deformation. 
However, stress-rupture failures tended to have some 
macroductility in the region close to the final rupture. 
Whitening on all the surfaces was observed, characteristic of 
crazing and slow stable crack growth. In a few cases in 90mm 
and 125mm fatigue butt weld failures, there were regions where 
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the surface was plain and featureless around the initiation 
region and the final stages of fracture, indicating limited 
ductility. 
(b) Cracks were not initiated from any one point but 
rather over a local region on the circumference of the butt 
weld. The low fractional misalignment butt weld failure tended 
to have greater fracture surface area compared to highly 
misaligned butt weld fatigue failures. For the stress-rupture 
failures this trend was also observed but the spread of 
fracture on the circumference of the weld was seen to be greater 
at all the misalignments compared to fatigue failure. 
(c) Within the first 1-2mm no curved bands were visible, 
after which curved or arched bands lying perpendicular to the 
crack direction were evident on the majority of the fatigue 
failure surfaces. That is, the large scale striations referred 
to as discontinuous growth bands in the literature were 
apparent. However, there was no indication of true fatigue 
striations which are generally considered to be a characteristic 
of fluctuating loads and represent individual load excursions. 
It was interesting to note that the discontinuous growth bands 
were also discovered for stress-rupture failures, - 
(d) The spacing between these bands varied, depending on 
the magnitude of the butt weld misalignment and test pressure 
range. Whereas in the stress-rupture case, the number of bands 
was fewer and spacing between them was larger at each of the 
misaligned butt weld failure compared to fatigue. 
(e) Longitudinal ridges or tearing ridges lying parallel 
to the crack growth direction were present at the initiation 
site and sometimes they were most pronced at the intermediate 
region or near the final stage of rupture depending-, on the 
11 magnitude of the misaligned butt weld and pipe diameters. These 
ridges suggest that crack propagation was multiplane to give 
the fracture surface a rough texture. 
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Fig. ti. 10 Low magnification photomicrographs of the fracture surfaces of 
aligned butt weld failures in (a) 63 and (b) 90 mm pipe systems. 
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Fig. 5.11 Low magnification photomicrographs of misaligned butt weld fracture 
surfaces of (a) 9% and (b) 44% tested at AP=9.5 bar; (c) 9% and (d) 44% tested 
at 1P=6.5 bar in 63mm SDR11 XDPE pipe systems. 
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Fig. 5.12 Low magnification photomicrographs of misaligned butt weld fracture 
surfaces of. (a) 9% and (b) 44% tested at eP=9.5 bar; (c) 9% and (d) 44% tested 
at AP=6.5 bar in 125mm SDR11 MDPE pipe systems. 
(a ) 
'h) 
4 
' "' i1ý ý'T 
ýIp(P, t 
.w' 
1 0- , ýýý 
ý. 
M lS ý" 
Fig. 5.13 Low magnification photomicrographs of misaligned butt weld fracture 
surfaces of (a) nominally aligned and (b) 44% misaligned butt weld in 63mm 
SDR11 MDPE pipe systems tested under stress-rupture condition. 
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Fig. 5.14 Low magnification photomicrographs of misaligned butt weld fracture 
surfaces of (a) nominally 9% and (b) 44% misaligned butt weld in 125mm SDR11 
MDPE pipe systems tested under stress-rupture condition. 
Figures 5.10(a) and (b) shows the fracture surface of aligned 
butt weld failures in 63 and 90mm pipe systems tested at AP=9.5 
bar and AP=8.0 bar respectively. In most aligned butt weld 
fracture surfaces in 63mm pipes there was always a greater 
deposit of scale, obscuring the true nature of the surface. 
However, the fatigue bands and ridges can be seen. 
Figures 5.11 (a) and (b) shows the effect of misalignment in 
63mm pipe systems on the fracture surface, while figures 5.11(a) 
to (d) portray the effect of test pressure range. It is 
apparent from these low magnification photomicrographs in figure 
5.11(a) and (b) that; 
(a) the spacing of discontinuous growth bands increases 
with increasing distance from the initiation site, 
(b) a greater number of bands are present for the 9% 
misaligned butt weld compared to 44% misaligned butt weld, 
(c) 
. 
the relative number of bands also increases with 
decreasing pressure range. Spacing between the bands probably 
indicates different crack growth rates and different degrees of 
stress concentration to which the material has been subjected. 
The above observations were also made on 90 and 125mm pipe, 
although in 125mm discontinuous growth bands were not clearly 
visible on the fracture surface as shown in figures 5.12(a) to 
(d). 
Figures 5.13 and 5.14 display the fracture surfaces of stress- 
rupture butt weld failures in 63 and 125mm pipe systems 
respectively. Figure 5.13(a) is the aligned butt weld fracture 
surface and (b) is the 44% misaligned butt weld fracture surface 
in 63mm pipe. Whilst figure 5.14<a) is the 9% and (b) is the 
44% misaligned butt weld fracture surface in 125mm pipe. The 
presence of discontinuous growth bands and longitudinal ridges 
is evident in all of them. The spacing between the bands tends 
to increase with increasing distance from the crack initiating 
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site. Comparison of 5.13(b) to 5.11(b) and 5.14(b) to 5.12(b) 
indicates that under stress-rupture loading the band spacing is 
greater compared to under fatigue for highly misaligned butt 
weld failures. 
(ii) Fracture Surfaces Of Axial Butt Weld Failures Figures 
5.15(a) to (d) show low magnification optical photomicrographs 
of axial /longitudinal cracks in the aligned butt welds in 63mm 
and 90mm pipes while figures 5.16(a) to (d) show the fracture 
surfaces of these axial failures. It appears that the axial 
crack was initiated from a surface flaw on the internal bead 
which was probably caused by local melt disturbance. It is 
enlightening to note in figure 5.16(a) to (d) that the growth of 
circumferential cracks initiating from the notch between the 
weld bead and pipe bore taking place is discerneble. The melt 
flow zone and weld interface were defined along with, in some 
cases, evidence of the extrusion flow lines. However, there was 
a general lack of discontinuous growth bands on the fracture 
surfaces, only two or three bands were observed on the outskirts 
of the surface. 
(iii) Fracture Surfaces Of Pipe Failures Figures 5.17(a) to (d) 
displays the---fracture surface appearances of pipes in 63 and 
90mm diameter which failed under fatigue at AP=9.5 bar at 79°C. 
The majority of pipe failures initiated from the, bores the crack 
radiating from the initiation site in an elliptical front. The 
overall fracture surface appearance did not change with pipe 
diameter. The maximum distance to which the crack spread along 
the pipe axis-was, 1%-23 times the wall thickness for 63mm pipe 
failure and l%-2-times the wall- thickness for. 90mm pipe 
failures. 
There was no evidence of fatigue striations on the pipe fracture 
surfaces; however discontinuous growth bands were evident as was 
observed in the circumferential failures at the weld. The other 
features which were found to be common on all the pipe failures 
were lines running parallel with the extrusion direction and' 
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Fig. 5.15 Low magnification optical photomicrographs of axial cracks in 
the 
aligned butt welds (a) and (b) in 63; (c) and (d) in 90mm SDR11 
DPE pipe. 
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Fig. b. 16 Fracture surfaces of axial butt weld failures (a) and (b) in 63mm; 
(c) and (d) in 90mm SDR11 JDPB pipe. 
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Fig. 5.17 Fracture surfaces of pipe failures (a) and (b) in 63mm and (c) and 
(d) in 90mm SDR11 pipes tested at AP=9.5 bar. 
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Fig. 5.18 Fracture surfaces of pipe failures (a) and (b) in 53nuu and (c) and 
(d) in 90mm SDR11 pipes tested under stress-rupture condition at 9.5 bar. 
small ridges emanating' in a radial direction from the source of 
fracture, that is they were lying perpendicular to the 
ellipitical front. 
All the 63mm pipe failures under stress-rupture loading were 
noted to initiate from the external surface. These were 
multiple intiation sites which were adjacent and also about 60mm 
apart in a straight line. The spreading of fracture along the 
pipe axis was about 1%-2 times the wall thickness, similar to 
spreading of fracture observed under fatigue. The fracture 
surface features were also similar to the fatigue fracture 
surfaces except that there were fewer discontinuous growth bands 
and greater spacing between them. It also showed greater macro- 
ductility on the surface; compare figures 5.18(a) and (b) which 
portray stress-rupture pipe failures to 5.17(a) and (b) display 
fatigue fracture. 
Figures 5.18(c) and (d) show the stress-rupture pipe failures in 
90mm pipe. Pipe failures were seen to initiate from the bore or 
within 80µm from the bore. The fracture surface of stress- 
rupture failures in 90mm pipe was not semi-circular as observed 
under fatigue but rather more elliptical in appearance with the 
crack front being essentially pinned on the inside wall of the 
pipe. The spread of fracture along the pipe axis was 1-134 times 
the wall thickness, less than that observed for fatigue failure. 
5.3.0 Fractography: Aicrofeatures 
(i) Circumferential Butt Weld Failures Fracture surfaces of 
circumferential failures of misaligned butt weld failures in 
63mm pipe systems were examined in some detail using a scanning 
electron microscope. 
Figure 5.19 shows a low magnification scanning electron 
micrograph of a fracture surface of a 9% misaligned butt weld 
tested at tP=9.5 bar together with a series of high 
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magnification of scanning electron micrographs. It clearly 
depicts the variation in microductility from the initiation 
site. In general, the microductility seems to increase with 
increasing distance from the initiation site. 
At the initiation site, there does not appear to be any evidence 
of local drawing or micronecking and microductility which is 
clearly evident in the latter stages of crack growth. The 
fracture cannot be classed as truly brittle but quasi-brittle 
(after Flueler et al (28>) since the formation of fibrils 
normally resulting from the formation of a craze necessarily 
involves a local large amount of plastic yielding which 
increases with crack length. The initial mode of fracture 
appears to be different from the intermediate stage and outer 
surface where considerable local yield or micronecking and 
microductility seems to have occurred. In the latter stages 
fibril length increases and so do the sizes of holes or voids. 
Within the voids the interconnecting ligaments holding the 
fibrils can be seen at latter stages of crack growth. 
Comparison of figures 5.19(a) to (d) and figures 5.20(a) to (d) 
shows that the effect of increasing misalignment is to increase 
relative microductility at each of the stages from the, crack 
initiation site. Microvoid size at the initiation site is 1-3µm 
for 9% misalignment and is 3-9}ßm -for 44%. These macrovoids 
increase to 10-20µm for 9% misalignment and greater--than 20pm 
for 44% misalignment by the" approach to final rupture. 
Comparison of figures 5.19(a) to (d) and figures 5.21(a)-to (d) 
shows the effect of decreasing pressure range ( P=6.5 bar) is to., 
decrease the relative microductility. 
Figures 5.22 and 5.23 display the fracture surface of nominally 
aligned and 44% misaligned butt weld failures -under stress 
rupture. It is apparent from the low mangification scanning 
electron micrographs figure 5.22(a) and figure 5.23(a) that 
microductility increases along the crack growth direction and 
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Fig. 5.19 SEX micrographs of fracture surface of 9% misaligned butt weld 
tested at AP=9.5 bar; (a) low magnification and high magnification region of 
(b) initiation site, (c) intermediate distance and (d) on approach to the final 
stages of rupture. 
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Fig. 5.20 SEX micrographs of fracture surface of 44L misaligned butt weld 
tested at AP=9.5 bar; (a) low magnification and high magnification region of 
(b) initiation site, (c) intermediate distance and (d) on approach to the final 
stages of rupture. 
Fig. 5.21 SEX micrographs of fracture surface of 9% misaligned butt weld 
tested at iP=6.5 bar; (a) low magnification and high magnification region of 
(b) initiation site, (c) intermediate distance and (d) on approach to the final 
stages of rupture. 
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Fig. `x. 22 5Ex micrographs of fracture surface of aligned butt weld tested 
under constant pressure of 9.5 bar; (a) low magnification and high 
magnification regions of (b) initiation site and (c) on approach to the final 
stages of rupture. 
Fig. 5.23 SEX micrographs of fracture surface of 
44% misaligned butt weld 
tested under constant pressure of 9.5 
bar; (a) low magnification and (b) high 
magnification region of initiation site. 
also appears to reach at an early stage in the crack growth 
direction compared to the fatigue fracture surface at a given 
misalignment. At the initation site the microvoid size is in 
the range 1-3µm for aligned butt weld failure, while for the 44% 
misaligned butt weld failure it is 6µm. 
(ii) Axial Butt Weld Failures Figures 5.24(a) to (f) portray 
the fracture morphology of an axial butt weld failure at both 
relatively low and high magifications at increasing distances 
from the initation site. Figure 5.24(b) shows the high fibril 
density near the initation site and fibril length/height is 
relatively short compared to the region shown in figure 5.24(d) 
which is the KFZ at the mid-point of pipe wall. The fibril 
direction at the MFZ is different compared to the surrounding 
region. In general the fibril texture in the axial butt weld 
failure surfaces at the initiation site and MFZ is different 
compared to the circumferential butt weld failure. Figure 
5.24(f) shows the discontinuous growth bands in the final 
approach to the rupture stage. There appears to be alternate 
regions of where fibrils are present and of featureless 
regions; this may be representing a stick and slip type of crack 
growth. 
(iii) Pine Failures Figures 5.25(a) to (c) indicate clearly the 
typical microfeatures of fracture surfaces observed on pipe 
failures under fatigue. The overall appearance of pipe failures 
suggest that the failure mechanism is not dissimilar from that 
of circumferential failure of the butt weld. Both of them 
suggest craze formation and slow stable crack growth. The 
variation in microductility across the surface is apparent in 
figure 5.25. The initiation site shows relatively greater 
microductility compared to circumferential failures of 9% 
misaligned butt weld. The size of fibrils and hole size seems 
to increase with increasing distance from the initiation site. 
At the initation region, microvoid sizes are less than gym and 
the intermediate stage it has increased in the range of 6-8)am. 
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There was no evidence of the presence of fine striations to 
suggest that fracture occurred due to step-by-step propagation. 
Detailed examination of 63mm stress-rupture pipe failures was 
not possible since the surface was covered with scale debris. 
However, it can be seen from a low magnification scanning 
electron micrograph in figure 5.26 that there is a band of width 
60-80}im running parallel to the pipe axis on the edge where the 
external crack was initiated. Elemental analysis of this band 
revealed it was rich in Calcium, Silicon, Chlorine, Sulphur, 
Aluminium and Magnesium, whereas, the region away from the bend 
was rich in Calcium, Silcon, Aluminium, implying that the band 
had Sulphur and Magnesium. 
(iv) Initiation Of Pipe Failures Examination by SEM of the 
fracture surfaces of pipe failures in 63mm pipe systems tested 
under fatigue revealed that, 33% of the twelve pipe failures 
initiated from observable particles and in 90mm pipe systems, 
28% of the eighteen pipe failures initiated from particles. Of 
the two stress-rupture pipe failures in 90mm examined, a 
particle was found in one of them. Examples of such crack 
initiators are shown in figures 5.27(a) to (d). No failures 
were found to be due to macrovoids. 
The size of particles and their location with respect to the 
pipe bore in 63mm and 90mm pipe failures are contained in table 
5.4. In the 63mm pipe failures, the initiating particles lay in 
the size range 120µm to 475µm. In two' cases particles were 
located at the-'bore while in the other two cases particles were 
located about 100µm and 200pm away from the bore. In 90mm pipes 
the size of particles initiation fracture lay in the range of 
50 to 570pm. In all the cases particles were located at the 
bore. 
The elemental analysis of the particles indicated that in the 
majority of cases the initiating particle was Calcium rich and 
in one case iron was detected. 
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Table 5.4 Particle size, location and type which were found in the (a) 63 and (b) 
90mm pipe failures in Rigidex 002-50 ]4DPE pipe systems. 
(a) 
Number Of Cycles Particle Size Particle Location Elemental Analysis 
To Failure µm 
153,210 475 bore Calcium 
253,740 120 bore Calcium 
424,050 412 bore Calcium 
438,390 206 2mm from bore Iron 
(b) 
Number Of Cycles Particle Size Particle Location Elemental Analysis 
To Failure um 
58,650 50 bore Calcium 
87,840 188 bore Calcium 
137,040 438 bore Calcium 
330,600 570 bore Calcium 
1,728Hrs 125 mid-wall Iron 
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Yig. 5.24 SEM micrographs of fracture surface of axial butt weld failure; 
(a) and (b) low and high magnification micrographs respectively of initiation 
site, (c) and (d) low and high magnification micrographs respectively of MFZ at 
mid-wail and (e) and (f) low and high magnification micrographs respectively of 
the final stages to rupture. 
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Fig. 5.25 SEX micrographs of fracture surface of pipe failure tested at AP=9.5 
bar; (a) low magnification and high magnification region of (b) initiation site 
and (c) intermediate distance from initiation site and mid-wall. 
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1`ig. ti. rt> Stink micrographs of fracture surface of pipe failure tested under 
constant pressure of 9.5 bar. 
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(c) and (d) in 90mm pipe failures. 
5.4.0 Discussion: Failure Examination 
5.4.1 Crack Initiation And Propagation Path Studies Of 
Circumferential Butt Veld Failures 
The fracture plane of all the misaligned butt weld failures in 
three pipe sizes under fatigue and stress-rupture was 
circumferential, the failure occuring-locally in the weld where 
the misalignment was introduced. Figure 5.2 shows schematically 
the three types of crack propagation path in relation to the l4FZ 
which were observed in the circumferential. butt, weld failures, 
whilst figures 5.3 to 5.7 show the low magnification optical 
photographs of the etched surfaces of variously misaligned butt 
weld failure sections showing these different types of failure. 
It is clear from figure 5.3 to 5.7 that the crack invariably 
initiated from the notch existing between the pipe bore and the 
weld bead. It appears that the crack propagation has then 
proceeded insensitive to the MFZ and no preferred path relative 
to the MFZ is taken. The crack does not propagate along the 
boundary between MFZ and the surrounding material which is 
perfectly illustrated by the type band II crack propagation 
paths. 
In the aligned butt weld case. the circumferential failure was 
observed mainly in 63mm pipe systems. The probability of 
circumferential failures of an aligned butt- weld was found to 
decrease with increasing pipe diameter. This may be due to the 
fact that the, initial circumferential crack'growth rate in 90 
and 125mm pipe systems may be different. It was noted that the 
rate of pressurisation of the pipe systems was decreasing with 
the increase in pipe outside diameter (see table 3.9) thus it is 
possible that the response of the notch may be slower. The 
additional factor which may well have hindered the- initial 
circumferential growth is that the bead height to wall thickness 
ratio (bead size) was decreasing with increasing pipe outside 
diameter (see table 4.7) Since a notch is present between the 
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bead and the pipe surface, the weld bead rather than reinforcing 
could be acting as a constraint in that region. Thus a large 
bead as found in 63mm pipe systems may well present constraint 
and hence is conducive to initial crack growth, whereas a small 
bead in 90 and 125mm pipe systems creates much less of a 
constraint and hence inhibiting the initial crack growth. Note 
also the notch tip in a 125mm butt weld was not as sharp as in 
the 63 and 90mm butt weld. This will also influence the initial 
crack growth. 
It is believed that the circumferential failure can result from 
lack of fusion as a result of poor welding (73) and also from 
the change in the microstructure around the welded region (41- 
44). However, such hypotheses are not applicable here. The 
evidence for the circumferential butt weld failures to initiate 
from the notch is overwhelming; firstly, the crack propagation 
study showed the crack to initiate between the bead and pipe 
bore, secondly, the circumferential crack growth taking place 
from the notch was clearly discernible in the axial butt weld 
failure fracture surfaces - see figure 5.16. thirdly, it was 
proved conclusively that the notch was responsible for the 
observed circumferential failure of the aligned butt welds in 
63mm pipes in the these butt welds where the internal weld bead 
was machined off. The failure site for the internal weld bead 
machined off sample was remote from the weld. The lifetime of 
the sample with the internal weld bead removed was three times 
the standard aligned butt weld - see table 5.2. 
Circumferential failure of butt welds under stress-rupture 
conditions have been observed by Diedrich and Gaube (49) and 
Kashkovskay and Kaigarodov (56) in 100 and 150mm HDPE pipes, 
while Barker (82) found both the axial and circumferential 
failure of butt welds in 60 and 63mm HDPE pipes. Diedrich and 
Gaube have correctly differentiated the two types of failure at 
the butt fusion- weld; circumferential failure as at result of 
insufficient melt penetration and circumferential failure due to 
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Fig. 5.28 Creep rupture cracks in pressure butt welds with heated tool; 
(a) cracks on the welding surface, (b) crack starting fron notch and (c) crack 
in the base material. 
a notch effect at the weld bead, the location of initiation in 
both cases is different - see figure 5.28 
The geometry of butt welds in both the aligned and misaligned 
cases is such that it suggests the notch between the weld bead 
and pipe bore opens initially in response to triaxial stress 
condition; the hoop, axial and radial components of stress in 
the pipe. It then changes the orientation and is propagating in 
response mainly to the axial stress. The notches which are 
present inherently in the butt weld appear to be somewhat 
dormant in the aligned butt weld especially in 90 and 125mm pipe 
systems, whereas in the misaligned butt weld the notch is made 
active. 
It is concluded that if there are any weakness in the aligned 
butt weld, it is not due to the microstructure of the butt weld 
but due to the notches which are inherently present in the butt 
fusion weld. In the misaligned butt weld, the situation is 
exacerbated by the displacement of the notch into the pipe wall. 
5.4.2 Fractography: Nacrofeatures 
Figures 5.10 to 5.12 and 5.13 and 5.14 show the fracture surface 
of circumferential butt weld failures under fatigue and stress- 
rupture respectively. The overall macrofeatures of the brittle 
fracture were related to the magnitude of misalignment and 
imposed loading mode. Stress-rupture testing produced fracture 
surfaces which showed relatively more macro ductility towards 
the outside region of the fracture surface compared to fatigue 
failure. Fracture surfaces of axial butt weld and pipe failures 
are shown in figure 5.16 and figures 5.17 to 5.19 respectively. 
The main features observed for pipe failures were similar to 
those observed in the circumferential failure at the weld; the 
evidence of slow stable crack growth and discontinuous growth 
bands. The common features observed for both circumferential' 
butt weld failures and pipe failures are discussed below., 
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Under both modes of testing, failure resulted from slow stable 
as opposed to fast unstable crack growth. The fracture surfaces 
of most of the failures under both stress-rupture and fatigue 
exhibited whitening and relatively smooth surfaces which 
progressively had a more fibrous texture towards the final 
rupture region. Whitening of the surface is caused by the 
microvoids which appear white as the result of light scattering, 
since they are well below the limit of visual resolution. Under 
fast unstable crack propagation, fracture surfaces tend to be 
smooth showing little evidence of any energy absorption process 
taking place. This was generally absent in most of the fracture 
surfaces. 
The bands on the fracture surface were observed for both the 
fatigue and stress-rupture failures, which seem to indicate that 
the mechanism operating under these two conditions is similar. 
The bands are too large to be caused by incremental extension of 
the crack during one loading gycle, Instead, they probably 
correspond to discontinuous crack advance following several 
hundred loading cycles during which the crack tip remains 
stationary as described in section 2.3.8. The fatigue fracture 
sequence that produces the marking together, with 'tie model of,, 
discontinuous crack propagation chan. rem is i-, hpwn in figure 
2.15-after reference- , 
(149) and (151). In principle such a model 
is equally applicable here to describe the'ýformation of the 
discontinuous growth bands. In the model proposed by Skibo et 
al (149,151), the damaged zone ahead of the crack is a single 
or a few crazes at most developing continuously; however, it is 
characterised by a decreasing rate with increasing length. When 
the craze reaches a critical length, the crack advances abruptly 
across the entire craze and then arrests, with further cycling 
developing a new craze and the process is repeated. A similar 
mechanism has also been proposed by De Charentenary et al (192) 
for HDPE, where it is proposed that the dicontinuous growth 
bands on the fracture surfaces are formed by the mechanism of 
large scale void formation in the plastic zone at the crack-tip. 
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The number of bands and spacing between the bands observed an 
the fracture surface can be related to the stress intensity 
factor. Several authors (155-190) have used the Dugdale plastic 
- zone model to describe the craze ahead of the fatigue crack 
tip and Skiba et al (186) determined the craze length. Rc by 
measuring the band spacing and deduced the craze surface stress 
T.. using equation: 
Rc = Kzcý (2.35) 
8maC- 
taking Kzc = Kimc in equation 2.35 can be used then to describe 
the spacing between the bands. If Rc is regarded as spacing 
between the bands, then equation 2.35 imply that spacing is 
proportional to Kama. , the spacing will increase with 
increasing KZ. mx and hence the number of bands should decrease 
with the increasing Kzmmx. This seems to explain the two main 
observations; 
(1) for a given pressure range, the number of bands was found 
to decrease with increasing misalignment implying the effect of 
increasing misalignment was to increase the Kim. x and 
(ii) for a given misaligned butt weld the number of bands 
increased with decreases in the pressure range, that is Kim. x 
was reduced, therefore spacing between the bands decreases and a 
greater number were observed. Since the number of bands 
observed is a function of the pressure range, the fracture 
surfaces of failed polyethylene pipes could lead to an 
indentification of the stress level which caused fracture. 
The observation that the discontinuous growth bands were not 
observed in the first 1-2mm from the intiation site could 
represent the different fracture mode to be in operation in the 
initial stages. Initially the crack may have opened to the 
plain strain condition which is made to go through the 
transition to the plain stress condition by the final progress 
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of the crack. The change in-fracture mode in the final progress 
of the crack, from stable crack growth -exhibiting- only localised 
drawing and fibrillation to one of- tearing and macroductility 
can possibly be a result of the increase in- stress at the crack 
tip with increasing-crack depth. At some point the yield stress 
of the material at the testing temperature is exceeded and the 
remaining ligament of material fails by yielding and subsequent 
drawing. 
It is not clear as to the absence of discontinous growth-bands 
in butt weld failures of 125mm pipe systems and, also axial-butt 
weld failures. It could be that-under certain orientations, 
the stress may induce continuous crack growth. De Charentenarf- 
(192) found that a high molecular weight sample (Xw--200j 000) of 
HDPE exhibited a discontinuous propagating mechanism by the 
presence of several arrest lines whereas lowmolecular weight 
HDPB material with Mw not not exceeding 72,000 did not produce a 
surface with discontinuous growth " bands but a continuous 
propagating mechanism which exhibited extensive microductility. 
However, since 125mm pipes were of the same grade of MDPB as 63 
and 90mm it is assumed to have similar Mw and the lack of 
discontinuous growth bands may be due to some unknown factor/s. 
5.4.3 Fractography: licrofeatures 
Figures 5.19 to 5.21 display the variation in microfeatures 
across the surface for different misaligned butt weld failures 
under fatigue at two pressure ranges. Figure 5.22 and 5.23 show 
the micromorphology of fracture surfaces of butt weld failures 
under stress-rupture loading, whilst figure 5.24 and 5.25 
portray the detail seen at high magnification for axial butt 
weld and pipe failures respectively. The common features 
observed in all these brittle failures at high magnification are 
the variations in the microvoid size and micronecking across the 
fracture surface. For example, in the case of a 9% misaligned 
butt weld failure, at the initiation site there, is little 
micronecking and microvoids. are in the range'1-3jim whereas at 
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the mid-wall micronecking is clearly apparent and microvoids 
have increased to 10-20µm. 
The observations made in figures 5.19 to 5.25 suggests that. the 
failure micromechanism, which is highly localised and confined 
to small volumes of material, involves: 
(j) void nucleation or cavitation, 
(ii) growth of the microvoids and fibrillation, 
(iii) breakdown or failure of fibrils by micronecking. 
These are all the characteristics of crazing. The 
micromechanism probably entails the initiation of craze/s at the 
stress concentration (notches in the case of circumferential 
butt weld failure, surface defects or inclusions or 
inhomogeneities in the case of axial butt weld and pipe 
failures) and then entering a period of slow stable growth 
evidenced by void formation and fibrillation which eventually 
lad to the breakdown of the final ligament -which is unable to 
support the load. The region ahead of the crack tip will be 
crazed and process -repeated. Initial conditions at the 
initiation region are predominantly plane strain, and-therefore 
in favour of craze initiation. As the- crack approaches the 
outer surface of the weld or pipe plane stress conditions 
probably become more important and the fibrillation is lost in 
some gross yielding and ductility. 
There appears to be no evidence for fast crack growth in the 
final stages of propagation possibly because of the elevated 
test temperature but also the material- fracture- toughness may 
increase to such an extent that yielding becomes the only 
possible rupture mode. Alternatively, the fast fracture 
condition may not be realised at the nominal stress level 
examined, that is the crack length is below the critical crack 
length for the fast fracture-predicament. 
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Although the observed failure is brittle, craze initiation, 
growth and breakdown does involve local energy absorption. 
Since the microductility was evident on the fracture surface, 
the failure perhaps would be classed more -appropriately as 
quasi-brittle (28). Quasi - brittle mode of fracture has been 
shown (28) to occur under plane strain conditions in the 
interior of pipe walls at reduced stresses-(below the 'knee' or 
the stress-rupture curve) and at lower temperatures. 
5.4.4 Origin Of Crack Initiating Particles In Pipe Failures. 
The size of particles and the type of particles as determined by 
the elemental analysis which were rresponsible for the pipe 
failures in 63 and 90mm pipe systems are provided in the table 
5.4. In the majority of the cases the initiating particle was 
Calcium rich and in one case Iron was-detected. 
Calcium rich particles are most likely to be polymer lubricants 
which are added to HDPE during processing to improve melt flow 
properties. When analysing Calcium based- particle care was 
taken to distinguish between an-actual-inclu$1on within the pipe 
material and Caloium_ Carbonate particles which may have been 
deposited on the fracture surface near the initiation site. by 
the water used for testing the pipes. The Iron inclusion found 
in one case could have originated from- the - wear of processing 
equipment or from accidental contamination of the polymer 
feedstock or may have been present within the polymer granules 
from the outset. 
The initiatio4n particles which failed to produce elemental 
traces are considered to be Carboniferous in nature. Such 
material may be unplasticised or degraded -polymer, particles or 
agglomerated pigment or filler or perhaps other forms of organic 
matter. Note the analysis equipment was unable to detect 
elements with atomic numbers of sixteen or less. 
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CHAPTER 6.0 - INFLUENCE OF ELEVATED TESTING TEMPERATURE 
ON THE MATERIAL'S PROPERTIES 
6.0 Introduction 
A limited study into the physical and chemical ageing of the 
pipe material was carried out to identify the effect of 
elevated temperature testing (79°C) on the- structure and hence 
its influence on the fatigue and stress-rupture performance of 
butt fusion welded pipe. Two series of tests were undertaken; 
in the first the specimens were obtained from the surface, 
centre and bore at the butt weld ( FZ) and 15-20mm away from it 
(see section 3.1.1 and figure 3.1) of samples subjected to 
pressure testing times of 200,2000, and 8000 hours at 79°C. In 
the second series, the specimens were obtained from the same 
location as before but from butt welded pipe samples filled 
with water which were simply left in the water tank at 79°C for 
the times of 200,2000,8000 hours. In the latter case, the 
sample was not subjected to any stress and it is referred to as 
a control sample. 
The density, DSC, Oxidation Induction Time (OIT), Gel Permeation 
Chromatography and Infrared, (IR) Specroscopy determination were 
carried out on the samples described above. The number of 
specimens used in each of the determinations was three except 
for DSC and OIT measurements where it was five. The mean values 
have been tabulated and since the variation-in the values was 
minor, standard deviations are omitted from-the table. However, 
the observed minimum and maximum variation are stated. This 
study was executed on the 63mm SDR11 Rigidex 002-50 MDPE pipe 
only. 
6.1 Density 
Densities of the specimen taken from-the locations at the butt 
fusion weld (MFZ) and 15-20mm away from it--through the pipe wall 
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thickness as a function of time at 79°C are shown in the table 
6.1. The following points emerge from the density 
measurements. :- 
(i) As expected the initial density of the untested samples 
(000 hours) taken 15-20mm away from the butt weld increases from 
the surface at 937.7 kgm-*O through to the bore of the pipe wall 
at 943.8 kgm-3. This is because the external surface of the 
pipe was coaled rapidly and the internal surface was cooled 
slowly during the extrusion of the pipe. 
(ii) The density at the butt weld (944.5 kgm-1' for 000 hours) 
was found to be constant through the wall thickness but greater 
compared to the specimens taken 15-20mm away from it. 
(iii) While the above mentioned trends (iii) are maintained at 
all the ageing times, the density of both the control and the 
sample subjected to pressure testing at 79°C increases faintly 
with time for the specimens taken at 15-20mm away from the butt 
weld. The increase in the density after 8000 hours is less than 
0.5% of the original value. 
6.2 DSG Thernograas 
Figures 6.1 and 6.2 display the typical DSC thermograms of the 
control and pressure tested samples respectively. DSC 
thermograms of both the control and pressure tested samples at 
all the ageing times tend to have a small 'hump' at base before 
the melting peak compared to DSC thermogram of untested sample 
(000 hours). DSC thermograms of the specimens taken 15-20mm 
away from the weld were observed to have sharp peaks whereas for 
the specimens obtained at butt weld/MFZ peaks were slightly 
broader. The peak melting point and percentage crystallinity 
were recorded from the DSC thermograms. 
Table 6.2 provides the detected change in percentage 
crystallinity as a function of time for the control and pressure 
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tested butt welded pipes aged at 79°C. If confirms the trends 
noted from the density measurement; 
(1) Initial percentage crystallinity of the untested samples 
(000 hours) acquired 15-20mm away from MFZ increases from 42 at 
the surface to 45 at the bore. However, the percentage 
crystallinity at the centre and bore was found to be similar. 
(ii) Percentage crystallinity at the KFZ (47 for 000 hours) was 
observed to be constant through the wall thickness but greater 
compared to the specimens taken at 15-20mm away from it. 
(iii) The above trends U, ii) were maintained 
time, but percentage crystallinity increases 
increase of 10% for control and of 17% for 
sample on the original value (at 000 hours) 
noticeable increase in crystallinity compared t 
density. 
with the. ageing 
with time. An 
pressure tested 
was recorded, a 
D increase in the 
Table 6.3 gives the peak melting temperature results. Again, 
similar observations to those mentioned above are apparent at 
000 hours. However, the peak melting temperature was not seen 
to increase with time; it was approximately constant. Note that 
only one peak in the melting was observed. 
Density and DSC thermograms seem to indicate annealing of the 
pipe material might be taking place at a slow rate which 
stabilises between 200 and 2000 hours. Increases in 
crystallinity may have a small effect an the slow crack 
propagation rate especially those pipes tested at AP=6: 5 bar. 
6.3 Oxidation Induction Time 
Table 6.4 contains the OIT of the specimens taken at the MFZ and 
at a distance between 15-20mm away from the MFZ. Data includes 
both the control and pressure tested 63mm pipe aged at 79°C. 
The following remarks can be made on the OIT results: - 
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(1) For the unaged samples (000 hours), the OIT is more or 
less constant at about 20 minutes through the wall thickness at 
the MFZ and 15-20mm away from the MFZ. This indicates that the 
stabilising system is not significantly used up at MFZ even 
though it has been subjected to a temperature of 200-C during 
welding. 
(ii) For the control pipe samples, the OIT decreases more 
rapidly for specimens taken from the surface and bore of the 
pipe for both the locations; at the MFZ and 15-10mm away from 
T'IFZ compared to the core region - see figure 6.3. OIT decreases 
from an initial value of 20 minutes to about 3 minutes for the 
surface and bore layer of an 8000 hours aged control pipe 
samples, while the specimens from the core region decreases to 8 
minutes for the same ageing period. 
(iii) For the pressure tested pipe samples, the same trend as 
in the control samples is observed except that the reduction in 
OIT seems to have been accelerated. The OIT were reduced to 
only 3 minutes after pressure testing of, 2000 hours for the 
surface and bore layers. While the OIT of the core specimens 
reduced to 12 minutes for pressure tested samples. This 
compares to 18 minutes for the control pipe samples. 
(iv) The Oxidation Induction Time study shows that the 
stabilising system is either leached out or used up when samples 
are aged/tested at 79°C. 
6.4 Gel Permeation Chromatography 
Table 6.5 gives the number 
.. average molecular weight, weight 
average molecular weight and the Dispersion Ratio of the 
control'le'd and tested samples-at 79°C. 
The results show that there is no significant change in the 
number average molecular weight or the weight average molecular 
weight with the time up to 8000 hours. It suggests that there 
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is no major breakdown of the molecules with time at 79°C for 
ageing times up to 8000 hours. 
6.5 Infrared Spectroscopy 
Infrared, <IR) Spectra of the thin layer <4pm thick) removed 
from the weld bead of untested and the sample subjected to 
pressure testing of 8000 hours were determined in order to 
detect the presence of carbonyl groups and hence any degradation 
of the material. Figure 6.4<a) and <b) are the representative 
IR spectrum; there was no evidence of any presence of carbonyl 
group, as the absorption peak at 1700cm '" which is 
characteristic of the carbonyl group, was not observed. 
IR spectroscopy of the thin layer removed from the surface of 
the pipe and the bore remote from the butt welded pipe subjected 
to pressure testing of 8000 hours was also studied. Again, the 
carbonyl absorption peak was absent from the IR spectrum. 
6.6 Fatigue Testing Of Aged Butt Velded Pipes 
A limited number of 63mm SDR11 aligned butt welded pipes which 
were aged at 79°C for 200,2000 and 8000 hours were fatigue 
tested with oP=9.5 bar at 79°C. Table 6.6 contains the 
lifetimes in terms of number of cycles to failure of these 
samples together with lifetimes of the aligned butt welds which 
were not aged. It shows that the performance of the aged 
samples tends to be at the upper limit of the unaged samples. 
Although no failures were obtained for 2000 hours aged samples 
and only two samples were tested for ageing time of 8000 hours, 
it appears as if the ageing time up to 8000 hours does not seem 
to significantly alter the fatigue performance compared to the 
unaged sample. 
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Table 6.1 Density of samples taken frog 63ma butt welded pipes in 
Rigides 002-50 )IDPE pipe as a function of time. 
(a) Control Sample at 79°C. 
Density, kgm-3 
Sample Time, Hours. 
Location 
000 200 2000 8000 
MFZ Surface 944.9 946.7 947.2 948.0 
XFFZ Centre 944.8 946.4 946.8 947.6 
XFZ Bore 944.5 946.2 946.9 948.1 
15-20 Surface 937.7 940.6 941.7 943.1 
15-20 Centre 942.9 944.9 945.7 946.0 
15-20 Bore 943.8 945.4 946.4 947.4 
(b) Sample Subjected to Pressure Testing at 79°C. 
Density, kgm73 
Sample Time, Hours. 
Location 
000 200 2000 8000 
KFZ Surface 944.9 946.6 947.3 948.1 
IKFZ Centre 944.8 946.0 946.8 947.8 
MFZ Bore 944.5 946.8 948.0 948.2 
15-20 Surface 937.7 940.8 942.2 943.2 
15-20 Centre 942.9 944.8 945.5 946.3 
15-20 Bore 943.8 945.7 946.8 947.9 
Minimum variation = . 1, Maximum variation = .7 
Table 6.2 Crystallinity of samples taken from 63m butt welded pipes in 63m 
Rigides 002-50 IMPS pipe as a function of time. 
(a) Control Sample at 79°C. 
Crystallinity -% 
Sample Time, Hours. 
Location 
000 200 2000 8000 
MFZ Surface 46.6 46.8 50.0 50.9 
MFZ Centre 47.1 48.9 50.0 49.9 
MFZ Bore 46.7 47.0 49.7 51.7 
15-20 Surface 42.3 46.5 43.0 46.9 
15-20 Centre 45.1 51.3 47.8 49.2 
15-20 Bore 45.4 50.2 49.9 49.7 
(b) Sample Subjected to Pressure Testing at 79°C. 
Crystallinity -% 
Sample Time, Hours. 
Location 
000 200 2000 8000 
MFZ Surface 46.6 48.9 48.2 53.9 
KFZ Centre 47.1 48.9 50.5 54.5 
KFZ Bore 46.7 49.9 47.2 54.8 
15-20 Surface 42.3 45.7 44.0 49,5 
15-20 Centre 45.1 48.2 52.2 53.7 
15-20 Bore 45.4 46.7 50.3 52.9 
Minimum variation < 1, Maximum variation =3 
Table 6.3 Peak melting temperature of samples taken from 63mm butt welded pipes 
in 63mm Rigidex 002-50 I1DPE pipe as a function of time. 
(a) Control Sample at 79°C. 
Melting Peak Temperature -K 
Sample Time, Hours. 
Location 
000 200 2000 8000 
MFZ Surface 400.93 400.89 400.06 400.60 
MFZ Centre 400.15 400.93 400.55 400.56 
MFZ Bore 400.77 400.93 400.66 401.23 
15-20 Surface 397.91 399.16 398.17 398.51 
15-20 Centre 399.23 400.22 399.89 399.33 
15-20 Bore 400.02 400.06 400.19 400.39 
(b) Sample Subjected to Pressure Testing at 79°C. 
Melting Peak Temperature -K 
Sample Time, Hours. 
Location 
000 200 2000 8000 
KFZ Surface 400.93 400.14 400.47 401.20 
KFZ Centre 400.15 400.12 400.38 400.63 
KFZ Bore 400.77 400.58 400.40 401.53 
15-20 Surface 397.91 397.73 397.88 398.45 
15-20 Centre 399.23 399.63 399.81 400.09 
15-20 Bore 400.02 399.79 399.37 399.11 
Minimum variation = . 27, Maximum variation = . 91 
Table 6.4 Oxidation Induction Time of samples taken from 63mm butt welded pipes 
in 63mm Rigides 002-50 XDPB pipe as a function of tine. 
(a) Control Sample at 79°C. 
Oxidation Induction Time, Minutes 
Sample Time, Hours. 
Location 
000 200 1000 2000 8000 
MFZ Surface 19.5±3.0 15.2±3.0 10.5±0.5 6.8±2.5 2.7±0.2 
KFZ Centre 20.8±1.4 25.4±2.8 24.3±0.4 18.1±1.3 8.3±0.8 
XFZ Bore 20.1±2.8 16.2±2.3 12.3±0.4 7.0±0.9 5.0±0.3 
15-20 Surface 21.2±2.0 12.9±0.6 - 6.2±0.6 3.5±0.7 
15-20 Centre 25.0±1.8 24.1±1.2 - 16.5±1.5 6.7±0.8 
15-20 Bore 20.7±3.0 17.3±1.6 - 10.5±0.5 6.4±0.7 
(b) Sample Subjected to Pressure Testing at 79°C. 
Oxidation Induction Time, Minutes 
Sample Time, Hours. 
Location 
000 200 1000 2000 8000 
MFZ Surface 19.5±3.0 16.0±1.3 7.5±1.4 3.0±0.7 1.8±0.6 
MFZ Centre 20.8±1.4 25.0±2.2 15.8±3.2 12.0±2.2 3.3±0.4 
KFZ Bore 20.1±2.8 15.3±3.5 3.2±1.8 2.2±0.4 0.8±0.8 
15-20 Surface 21.2±2.0 13.7±2.4 - 3.7±0.9 0.9±0.2 
15-20 Centre 25.0±1.8 26.0±0.9 - 9.7±2.2 3.4±0.8 
15-20 Bore 20.7±3.0 14.3±0.3 - 3.8±2.0 0.6±0.1 
Table 6.5 Number and Veight Average Xolecular Veight of samples taken from 63mm 
butt welded pipe in 63mm Rigides 002-50 MDPB pipe as a function of time. 
Control Sample at 79°C Sample Subjected to Testing at 79°C 
Molecular Time, hrs Time, hrs 
Weight 
000 200 2000 200 2000 8000 
Mn x 104 1.82 1.24 1.25 1.32 1.23 1.25 
Mw x 10" 15.70 16.00 16.20 15.40 15.30 15.10 
Mw/Mn 8.63 12.90 12.96 11.67 12.44 12.08 
Table 6.6 Fatigue performance of butt welds in 63mm SDR11 Rigides 002-50 HDPE 
pipe of various ageing times. 
Number Of Cycles To Failure 
Ageing Time, hrs 
000 200 2000 8000 
58,290 81,570 74,340 >120,000 130,410(A) 
60,150 96,090 134,670 >120,000 133,890 
63,300(A) 132,060 194,430 >120,000 
73,620 169,260 
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Fig. 6.1 DSC thermograms of surface specimen taken from the butt weld (MFZ) 
and 15-20mm away from it of the control butt welded XDPE pipe samples aged for 
000,200 and 8000 hours. 
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Fig. 6.2 DSG thermograms of surface specimen taken from the butt weld (KFZ) 
and 15-20mm away from it of the pressure tested butt welds in NDPE pipe 
sample for 200 and 8000 hours. 
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6.7.0 Discussions 
(1) Density and Crystallinity Tables 6.1 to 6.3 provide the 
selected property changes in the material structure with testing 
time at 79°C for both the umpressurised -(control) and 
pressurised butt welded samples. The properties reported in 
tables 6.1,6.2 and 6.3 are density, crystallinity and melting 
temperatures, respectively. Fine increases in density were 
recorded with the ageing time, while a noticeable increase in 
DSC crystallinity was observed with similar trends to those of 
density with ageing time at 79°'C. However, peak melting 
temperature appears to remain constant. 
The increase in density and crystallinity with increasing time 
seems to suggest a tendency towards a more ordered and stable 
crystal structure formation. However, this may never be-fully 
realised since at 79°C (-50- below melting temperature) the 
thermal motion of the polymer chains is not enough to bring 
about complete order. It is probably the chains in the 
disordered region with limited motion attempting to rearrange 
into three-dimensional order. Note that if a significant 
ordered structure was formed then the melting temperature would 
have been raised. As this was not observed it implies only 
minor changes to the structure. 
Changes in crystallinity due to ageing of HDPE pipes at room 
temperature and due to testing of pipes at elevated temperature 
have been reported in the literature (13k 133,135). 
Improvements in both stress-rupture and fatigue performance have 
also been reported in the literature (91,192) with increases in 
density and crystallinity. Muller and Gaube (91) have shown 
that the stress-rupture graphs of " PE" shift- upwards with 
increasing density or differing degree of-crystallinity, that is 
HDPE>MDPE>LDPE, whilst De Charentenary-"et al (192) found a 
four-fould decrease in FCP rates in HDPE when crystallinity 
increased from 4? to 55%. Thus the increase in crystallinity 
noted in the table 6.2 would be expected to retard the crack 
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growth rate to some extent under fatigue and stress-rupture for 
those samples which are tested beyond 2000 hours. Hence any 
variation in mechanical performance of pipes subjected to longer 
test times would then be partially explained by changes in above 
mentioned properties. However, the performance of butt welded 
samples which were aged at 79-C for 200,2000,8000 hours did 
not significantly increase compared to unaged sample (see table 
6.6). 
In other words, the density and crystallinity changes observed 
at 79°C are not of sufficient magnitude to strongly influence 
the performance. 
(ii) Oxidation Indication Times Table 6.4 highlights the 
oxidation induction times of the control and pressure tested 
samples as a function of increasing time which have been in a 
water environment-at- 79°C. It is apparent that the oxidation 
induction time decreases with ageing time for the samples 
obtained from surface, core and bore at the butt weld and 15- 
20mm away from it. The rate of decrease is rapid and similar 
for both the surface and bore control samples compared to the 
core region, whereas. a relatively grea&thr rate Qf decrease in 
OIT values of pressure tested' butt welded samples is apparent 
compared to control. Further, the bore region tends to show 
early deteriation in the OIT compared to the surface. 
The decrease in the oxidation induction time suggests that the 
change in concentration of stabiliser in XDPE may be a result of 
two professes: 
(a) Chemical reactions of the stabilisers,, and 
(b) physical loss of the stabilisers from-MDPE 
The loss of the stabiliser through these two possible means is,. 
considered. 
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In order to understand the stabilisers being used up in a 
chemical reaction one needs to consider mechanism of 
stabilisation, the aim being to identify the product formation 
which can be detected. The mechanism of u. v. stabilisation is 
examined, however the radical formation can equally be obtained 
under different external energy form, for example stressed 
chains can also bring about the radical formation. Oxidation of 
polyolefins is generally assumed to involve a free-radical chain 
mechanism (210) : 
Initiation: 
Propagation 
RH R" + H. 
R" + O2 R02 
ROt + RH- ROOH + R" 
Chain branching ROOH ) RO- + "OH 
Termination R" + R" 
ROB + R. 
RO'2 + ROB 
inert product 
(6.1) 
(6.2) 
(6.3) 
(6.4) 
(6.5) 
(6.6) 
(6.7) 
The propagation reaction (6.2) and (6.3) can be inhibited by 
free radical scavenger (stabilisers) which destroy the radical 
produced during stage (6.1). 
Inhibition reaction: 
RO2 +_ InH -ý ROOH + In% (6.8) 
RO: + In- -ý ROO In (6.9) 
It is clear from reaction (6.8) and (6.9), if the stabilisers is 
used up in the chemical reaction, the resulting product has 
carbonyl and. hydroxyl groups which should be detected in an., 
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infrared spectroscopy analysis. However, since the infrared 
spectrum of bore skin and surface skin of the sample subjected 
to 8000 hours (figure 6.4<a) and (b)) showed no carbonyl or 
hydroxyl absorption peak, it seems to rule this possibility out. 
The expected absorption peak for C=O stretch is at about 
1700cm 1 and for O-H stretch at 3000cm ' and O-H bend at 
900cm-'. In addition, the GPC showed no significant change in 
Mn and Mw with the ageing time (see table 6.5) indicating no 
major chain breakdown (degradation) had occurred. 
Despite the fact that there is no strong evidence to suggest the 
loss of stabiliser by the chemical means, it cannot be ruled 
out. The condition for the reaction described in (6.1) to (6.8) 
does exist. This is especially true of the pressurised pipe. 
In the pressurised pipe, the pipe bore is biaxially stressed and 
dissolved oxygen from the compressed air-used to pressurise the 
sample is present. 
The physical loss of stabiliser can occur by two means; 
volatility loss of stabiliser and extraction due to polymer 
being into contact with water or organic solvents. The 
volatility loss can be discounted, as such losses can occur only 
under processing conditions when the polymer is subject to 
temperature of above 220°C. It appears that the leaching out of 
the stabilisers is the likely means which occurs through the 
diffusion process probably obeying-Fick's Law. 
Assuming a uniform distribution of stabiliser in the bulk of the 
polymer, a concentration change at the surface and bore (initial 
extraction of stabiliser by water) gives rise to-, concentration 
gradient which is the driving force of diffusion of stabiliser 
according to the first Fick Law (6.11) (210) 
I= -D(Sc) (6.10) 
(6x) 
(6c) =D Cöýc) (6.11) 
(6t), (6X2)e 
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where I is the permeation flux, D is the diffusion coefficient 
and (6c/6x) is the concentration gradient. The diffusion of the 
stabiliser from the bulk of the polymer into the surface region 
is thus able to supply the stabiliser where necessary. 
It must also be taken into account that the following 
relationship between solubility and diffusivity of a substance 
is also valid 210: 
P=DxS (6.12) 
where P is the permeation constant, D is the diffusion 
coefficient, and S is the solubility constant. Equation (6.12) 
implies the diffusion coefficient is inversely proportional to 
the solubility of the substance in a polymer. Owing to their 
low solubility in many polymers, stabilisers diffuse to the 
surface. This phenomenon, which may be regarded as a 
manifestation of incompatibility and migration ability of the 
additives in polymers, would be more favourable. 
The loss of stabiliser does not have any significant influence 
on the fatigue performance of butt welds at 79°C as demonstrated 
by the testing of the 8000 hours aged samples-at 79°C, see table 
6.6. The obvious consequence of the loss of stabiliser would be 
that the polymer is not protected against oxidation which could 
occur during rewelding of the pipes. That is an aged sample 
which is to be butt welded would be in a danger of oxidation. 
The performance of such a weld would then be reduced. 
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CHAPTER 7- CONCLUSIONS 
Fatigue Performance Of Butt Fusion Velds 
Fatigue lifetime was found to decrease significantly with 
increasing axial misalignment at the butt fusion weld in 63,90 
and 125mm MDPE pipe systems. In the butt fusion welds having 
axial misalignments of 20 per cent of the wall thickness and 
above, the reduction was greater than 50 per cent compared to 
the aligned weld. There was no marked change in the performance 
of misaligned butt welds for the three pipe diameters 
investigated despite the non-identical rate of pressurisation 
for each of the pipe systems. However, the performance of the 
aligned butt welds in 90 and 125mm pipe was noticably better 
compared to 63mm pipe systems. 
The fatigue performance of misaligned butt welds could be 
explained in terms of amplified axial stresses and in general, 
the Ory expression for evaluating the increase in axial stress 
due to mislignment appears to be valid. The improvement in the 
fatigue performance of aligned butt welds in 90 and 125mm MDPE 
pipes compared to 63mm MDPE pipes is suggested to be due to the 
combined effect of rate of pressurisation and bead size. 
The temperature dependence of the fatigue performance of aligned 
and misaligned butt fusion welds in 63 and 90mm MDPE pipe 
systems suggests that if continuous internal flucatuating 
pressures under the conditions examined are maintained, the butt 
fusion welds would not meet the minimum design lifetime of 50 
years at a service temperature of 20°C for misalignments greater 
than 10 per cent of the wall thickness. To take the full 
advantage of the MDPE grade examined, care must be taken to 
align the butt weld and minimise misalignment below 10 per cent 
of the wall thickness. 
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Stress-Rupture Performance Of Butt Fusion Welds 
The reduction in the performance of 20 per cent and above 
misaligned butt fusion welds was also reduced by greater than 50 
per cent compared to aligned welds under stress-rupture 
conditions for all the pipe diameters examined. Stress-rupture 
results suggest there might be a pipe size effect; the 
performance of misaligned butt welds in 90 and 125mm MDPE pipes 
were more than halved compared to those in 63mm pipe systems. 
However, there was no substantial difference in the lifetime of 
misaligned butt welds between 90 and 125mm. All the misaligned 
butt welds considered in the three pipe diameters surpassed the 
minimum specified requirement of 170 hours at 80°C. 
In terms of total testing time to failure, the aligned and 10 
per cent misaligned butt fusion welds were more than ten times 
better under stress-rupture conditions compared to fatigue for 
an equivalent maximum hoop stress. Fatigue loading was the most 
aggressive condition of the two for minor misalignment. 
Welding Conditions 
Despite extreme changes (-50 to 100 per cent) in the heat soak 
time, heat removal time and welding pressure, there were not 
significant changes in the fatigue lifetime of aligned butt 
fusion welds compared to those recorded when axial misalignments 
of 9-44 per cent of the wall thickness were introduced. The 
fatigue performance of aligned butt welds was found to be 
tolerant to the changes in the welding conditions examined 
whereas fatigue performance was very sensitive to changes in 
misalignment. 
Failure Analysis 
All the misaligned butt welds in the three pipe sizes under both 
the fatigue and stress-rupture conditions and the majority of 
the aligned butt fusion welds in 63mm MDPE pipes under fatigue 
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failed at the weld in the circumferential plain. These were 
found invariably to initiate from the notch located at the inner 
weld bead and no preferred crack propagation path was taken in 
relation to the melt flow zone. It was proved conclusively that 
the notch created by the internal weld bead rolling onto the 
pipe bore was responsible for the observed circumferential 
failure of aligned butt welds in 63mm MDPE pipes by testing of 
these butt fusion welds where the the internal weld bead was 
machined off. The failure site for the internal weld bead 
machined off sample was remote from the weld inferring the 
material in the melt flow zone does not have any weakness but 
rather the notch which is inherently present in the butt fusion 
weld causes the weakness under fatigue. 
All the fracture surfaces showed the charateristics of slow 
crack growth and the majority of them also had discontinuous 
growth bands. Correlations were found between the spacing of 
discontinuous growth bands and the magnitude of misalignment and 
also with the pressure range 
Failure mechanisms were found to be highly localised and 
confined to a small volume of material involving void nucleation 
or caviation, growth of the microvoid and fibrillation. The 
failure was not a classical brittle type but rather a quasi- 
britle type involving local energy absorption. 
The Effect Of Elevated Temperature (? 9°C) Testing Technique 
The effect of elevated temperature testing in 63mm SDR11 MDPE 
pipe was to increase the density and crystallinity signifying a 
slow annealing process in the material. However, the changes in 
these parameters were not of a sufficient scale to strongly 
influence the performance. The main effect of elevated 
temperature testing in a water environment appears to be the 
extraction of stabliser from the base polymer as indicated by 
the rapid decrease in oxidation induction time with the ageing 
times. The leaching out process is enhanced when the pipe is 
under pressure. 
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Future York 
Two other forms of misalignment geometry which could occur in 
practice are: 
(1) pipes of same outside diameters but different SDR are butt 
welded, giving a constant inside step at the butt weld and 
(ii) angular misalignment caused by butt welding coiled pipes. 
It would be of great value to determine the performance of these 
types of butt fusion weld in order to determine which geometry 
represents the worst case. 
The experimental determination of stresses around the butt 
fusion weld with 
(i) varied bead size for a given pipe size, 
(ii) weld bead machined off and 
(iii) misaligned butt welds using combination of strain gauge 
and displacement transducers. 
Such determination would enable accurate picture of stresses in 
the butt fusion weld to be built up. 
There are lengths of pipes which have been aged to various 
times, it would be interesting to investigate the variation in 
short-term mechanical properties across the wall thickness of 
these aged pipes. 
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